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Magnetorheological (MR) fluids are typically consist of magnetic particles 
(Carbonyl Iron, Fe2O3, Fe3O4 and so on) in a magnetically insulating fluid 
(water, silicon oil and so on). When a magnetic field induces attractive 
interactions between the magnetic particles, these particles form a solid-
like network of fibril shapes within a few milliseconds oriented along the 
direction of the magnetic field. Reverse transition occurs as soon as the 
magnetic field is switched off. These features lead to remarkable changes 
in the rheological properties of the fluid which shows wide potential 
applications such as dampers, brakes, shock observers, drug delivery, and 
robotics, etc and could be controlled by adjusting the strength of the 
magnetic field depending on applications. Despite substantial advanced in 
commercialization, MR fluids have long-term stability issues that 
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significantly limit their usefulness and also need to be predicted the 
precise flow behavior. 
In this thesis, we propose the constitutive equation to predict the flow 
behavior of MR fluid and investigate a number of MR fluid composed of 
soft-magnetic composite particles to overcome the sedimentation 
drawback. Firstly, as modeling and analysis are essential to optimize 
material design, describe the flow behavior over a wide range of shear rate 
and distinguish between static yield stress and dynamic yield stress, the 
precise knowledge of the relationships between the suspension rheological 
properties and such variables as the deformation rate, the applied magnetic 
field strength, and the composition are required. So we re-analyze the 
constitutive equation proposed before to describe the MR fluids flow and 
propose new constitutive equation. The proposed Seo-Seo model 
predicted the flow behavior precisely compared to pre-exist constitutive 
model and also yielded a quantitatively and qualitatively precise 
description of MR fluid rheological behavior based on relatively few 
experimental measurements. 
To overcome sedimentation drawback, the core/shell structured Foamed 
polystyrene/Fe3O4 Particles were synthesized by applying a dual-step 
processing comprising pickering emulsion polymerization, subsequently by 
the foaming of polystyrene core using the supercritical carbon dioxide fluid 
foaming process. Through these processes, the density of composite was 
dropped significantly and the long-term stability was improved. As 
polystyrene located core part and magnetic particle contact directly, the 
magnetorheological properties of the Foamed polystyrene/Fe3O4 were 
considerable compared to pure Fe3O4. Even though the core/shell 
structured Foamed polystyrene/Fe3O4 showed considerable level, the 
magnetorheological properties got worsen because polystyrene is 
magnetically non-active. So, we synthesized hollow shape Fe3O4 particles 
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without any magnetically non-active template. As a result, compared to 
the core/shell structured Foamed polystyrene/Fe3O4, the density of hollow 
shape Fe3O4 particles rise slightly and the magnetorheological properties 
reached outstanding level, and the long-term stability maintained. 
 Also, the conformation of solid-like network of fibril shapes changes 
were investigated by using micro/nano size Fe3O4 particles to verify the 
reinforcement effect. As the particle size increases, the 
magnetorheological properties improve due to a rise of the magnetic 
saturation level. However, depending on the ratio of the nano size Fe3O4 
particles, an overturning of the magnetorheological properties and the 
magnetic saturation was observed. This phenomenon is because of the 
cavity among the micro size Fe3O4 particles. The micro size Fe3O4 
particles develops a relatively coarse solid-like network of fibril shapes. 
The chain conformation of a bidisperse MR fluid shows quite different from 
that of the micron size Fe3O4 particles-based fluids. The nano size Fe3O4 
particles appear to fill in the cavity among the micro size Fe3O4 particles. 
As a result, this distinct conformation reinforced the magnetorheological 
properties. 
Finally, the shape effect of the magnetic particle on magnetorheological 
properties and sedimentation stability was investigated by using two types 
of sendust which are bulk and flake type. The flake type sendust has a 
small demagnetization factor because its domain orients one direction. This 
feature lead to extraordinary behavior which is a rapid transition to solid-
like network at low magnetic field. Also, its high aspect ratio leads to a 
large drag coefficient which improve the long-term stability. 
 
Keywords : Magnetorheological fluid, Composites, Constitutive equation, 
Rheological property, Long-term stability, Sedimentation 
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Chapter 1. Introduction and Background 
 
1.1. Magnetorheological (MR) Fluids 
Magnetorheological (MR) fluids, which include suspensions of 
magnetically susceptible fine particles in a magnetically insulating fluid, are 
a type of smart material because the application of a magnetic field can 
transform the fluid from a suspension to a solid-like fibril structures in 
which the fibrils are aligned along the magnetic field direction due to the 
magnetic polarization among the suspended particles [1-10]. A reverse 
structural transition occurs as soon as the applied magnetic field is turned 
off. The structural changes are very fast, on the order of milliseconds. The 
aligned structural changes formed in response to a magnetic field tune the 
rheological properties of the MR fluid over three to four orders of 
magnitude. The chain-like structure formed under the external magnetic 
field imparts the suspension with a yield stress as the fluid begins to flow 
the rheological properties of those MR fluids can be fine-tuned by varying 
the magnetic field intensity for use in a variety of applications [2]. 
Therefore, MR fluids have aroused considerable interest over the last two 
decades, and their promising features have driven many scientific studies 
and industrial applications.  Although MR fluids and devices have made 
substantial progress in commercialization, the poor long-term stability of 
MR fluids can limit MR fluid utility in industrial applications [8,9]. The 
long-term stability must be improved to avoid sedimentation of the 
magnetic particles in MR suspensions due to a mismatch between the 
densities of the particles and the carrier liquid, the poor redispersibility of 
settled particles, and the magnetic particle’s weak resistance to chemical 
degradation [1]. Significant efforts have been made to overcome these 
crucial restriction factors, such as the introduction of polymer coatings or 
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passivation layers onto the magnetic particles, the use of viscoplastic 
medium as a carrier liquid, the addition of additives, fillers, or surfactants, 
and the use of nonspherical or bidisperse particles in the MR suspension 
[2,8–10]. A recent study showed that iron nanofiber–based MR fluids are 
promising to reduce or prevent sedimentation while providing good yield 
stress [9,11]. Another common method for stabilizing heavy magnetic 
particles in a MR suspension is the addition of a thickener to the carrier 
liquid, which prevents the settling of particle [9]. Unfortunately, these 
types of systems suffer from the trade-off between the high suspension 
stability and high resistance to suspension flow [1,8]. An ideal MR fluid 
should have a low viscosity that facilitates flow in a device in the absence 
of an applied magnetic field and fast regeneration of the suspension. So far, 
the introduction of a light protective coating layer onto the magnetic 
particles seems to be the most promising for improving the stability of the 
suspension, because such coatings reduce the particle density, enhance 
the particle durability, improve the surface free energy of the magnetic 
particles, and yield superior compatibility (with a higher wettability) with 
the carrier liquid [10]. Functional two-stage coatings have been shown to 
be more effective than monolayer coatings comprising a polymer or 
multiwalled carbon nanotubes [10,11]. Apart from the approaches 
described above, effective strategies for reducing the densities of a 
polymer coated particles have not yet been fully developed. The main 
parameters that affect the rheological properties of MR fluids, such as the 
yield stress and apparent viscosity, are the volume fraction, size, type, and 
shape of the dispersed particles, physical properties of the carrier fluid, 
direction and intensity of the applied magnetic field, and mode of operation 
[2]. Other parameters seem to be of lesser importance. Under external 
shear deformations, magnetostatic interactions between particles dominate 
the hydrodynamic stress to form a chain-like structure of dispersed 
particles at low shear rates (?̇?), whereas hydrodynamic interaction can 
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break the chain-like mesostructures at high shear rates [1]. MR-active 
suspensions thus exhibit a residual shear stress (yield stress) at low 
shear rates which resists the shear force–induced destruction of the 
aligned mesostructures, but allows flow at higher shear rates due to the 
dominance of the shear force [2]. 
 
1.2. Applications of MR fluids 
MR fluid applications are found in automobile devices, such as linear 
dampers, rotor dampers, rotary brakes, as well as in various other 
industry products, e.g., directional control valves, hybrid actuators, and the 
haptic devices [3-5]. MR fluids have been used in medical applications, 
for example, in new cancer therapeutic procedures. MR fluids can inhibit 
the blood supply to a tumor or enable drug delivery systems [6]. As an 
advanced and intelligent polishing technology, MR finishing technology has 
been applied to various materials possessing various shapes that minimize 
their surface damages [7]. In the application of crude oil, MR fluid could 
reduce the shear viscosity of crude oil containing paraffin or asphaltene 
particles by altering their aggregation under the applied magnetic field [7]. 
On a larger scale, MR suspension systems are present in China’s Dong 
Ting Lake Bridge to counteract vibrations caused by sudden gusts of wind 
[1]. The same principle was used to stabilize buildings against earthquakes. 
More applications can be found in our recent report [10]. 
 
1.3. Rheology 
 Rheology is the science of deformation and flow [93]. It is a branch of 
physics (and physical chemistry) since the most important variables 
come from the field of mechanics: forces, deflections and velocities. The 
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rheological experiments do not merely reveal information about the flow 
behavior of solids. The connection here is that large deformations 
produced by shear forces cause many materials to flow. 
 Rheology is the study of the flow of matter, primarily in the liquid state, 
but also as soft solids or solids under conditions in which they respond 
with plastic flow rather than deforming elastically in response to an 
applied force. It applies to substances which have a complex molecular 
structure, such as muds, sludge, suspensions, polymers and other glass 
formers (e.g. silicates), as well as many food and additives, bodily fluids 
(e.g. blood) and other biological materials. 
Rheometry is the measuring technology used to determine rheological 
data [94]. The emphasis here is on measuring systems, instruments and 
test and analysis methods. Both liquids and solids can be investigated 
using rotational and oscillatory rheometers. Rotational tests are 
performed to characterize viscous behavior. To evaluate viscoelastic 
behavior, creep tests, relaxation tests and oscillatory tests are performed. 
 
1.3.1. Flow behavior 
1.3.1.1. Definition of terms 
 The two-plate-model is used to define some of the fundamental 
rheological parameters (Figure 1.1 (a)). The upper plate with the (shear) 
area A is moved by the (shear) force F and the resulting velocity v is 
measured. The lower plate is immovable (v=0). The distance h is the 
distance between the plates. The sample is sheared in this gap. The 
following conditions have to be met:  
 The sample must adhere to both plates and not slide or slip along them. 
The resulting flow is a laminar flow in the form of layers. An exact 
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calculation of the rheological parameters is only possible when both 
conditions are met. Therefore, no turbulent flow should occur. 
 The individual beer mats symbolize the individual flowing layers. They 
move in layers against each other (Figure 1.1 (b)). Certainly, this 
process happens without turbulence. The real geometric conditions in a 
rheometer measuring system are not as simple as in the Two-Plate-
Model. However, if the gap is narrow enough, the necessary requirements 
are met and the following definitions of rheological parameters can be 




































1.3.1.1.1. Shear stress 
 Definition of shear stress: 
τ =  
𝐹
𝐴
     (1.1) 
τ [Pa] : shear stress, F [N] : (shear) force, A [𝑚2] : (shear) area 
1.3.1.1.2. Shear rate 
 Definition of shear rate: 
?̇? =  
𝑣
ℎ
     (1.2) 
?̇? [1 𝑠⁄ ]  : shear rate, v [𝑚 𝑠⁄ ]  : velocity, h [m]  : the gap between the 
plates 
 
1.3.1.1.3. Shear viscosity 
 In all fluids, there are frictional forces between the molecules and, 
therefore, they display a certain flow resistance which can be measured 
as viscosity. All materials which clearly flow behavior are referred to as 
fluids (that applies for liquids and gases). For ideal viscous fluids at a 
constant temperature, the value of the ratio of the shear stress ?̇? to the 
corresponding shear rate is a material constant. 
 Definition of shear viscosity: 
η =  
𝜏
?̇?
      (1.3) 













Figure 1.2. (a) Flow curves of two ideal viscous fluids and (b) viscosity 








1.3.1.2. Flow and viscosity curve 
 Flow behavior is represented graphically using flow curves and viscosity 
curves. The flow curve displays the mutual dependence of shear stress 
τ and shear rate ?̇?. Usually ?̇? is represented on the x-axis and τ on 
the y-axis. The viscosity curve is derived from the flow curve. Usually 
η is represented on the y-axis and ?̇? on the x-axis. The curve slope at 
every point (𝑥, 𝑦)  of the curve can be calculated as: (𝑑𝑦 𝑑𝑥⁄ ) . This 
corresponds to the viscosity value for every point of the flow curve with 
the pair of values (?̇? 𝜏⁄ ). This is because: 𝜂 =  𝜏 ?̇?⁄ . Therefore, the η (?̇?) 
curve can be calculated point by point from the (?̇? 𝜏⁄ ) curve. A steeper 
slope in the flow curve results in a higher level of the viscosity curve 
(Figure 1.2). 
 
1.3.1.2.1. Ideal viscous flow 
 Ideal viscous (or Newtonian) flow behavior is described using 
Newton’s law:  
τ =  η ∗ ?̇?     (1.4) 
 The shear stress acting on a liquid is proportional to the resulting flow 
velocity. The shear viscosity of a Newtonian fluid ids independent of the 
degree or duration of the shear load. Materials which display Newtonian 
flow behavior have very weak interactions between molecules. Very low 
concentrated polymer solutions display almost ideal viscous behavior if 




















1.3.1.2.2. Shear-thinning flow and Shear-thickening flow 
 For samples that display shear-thinning behavior, the shear viscosity is 
dependent on the degree of shear load. The flow curve shows a 
decreasing curve slope, i.e. η decreases with increasing load (Figure 
1.3). In dispersions, shearing can cause the particles to orient in the flow 
direction or the direction of the shear gradient and agglomerates to 
disintegrate or particles to change their form. During this process the 
interaction forces between the particles usually decrease and this also 
lowers the flow resistance.  
The shear viscosity of a shear-thickening sample is dependent on the 
degree of shear load. The flow curve shows an increasing curve slope, i.e. 
η  increases with increasing load (Figure 1.3). During the shearing 
process with highly concentrated suspensions, the particles interact each 
other. This interaction increases the flow resistance. 
 
1.3.1.2.3. Yielding 
 One of the most relevant rheological properties of a MR fluid is the yield 
stress that must be overcome to initiate gross material deformation or flow. 
The dynamic yield stress (𝜏𝑑𝑦) is commonly obtained by extrapolating the 
shear stress versus shear rate curve back to the shear stress intercept at 
a zero shear rate ?̇? = 0. The value obtained using this method is strongly 
influenced by the range of shear rates and by the rheological model 
selected for the extrapolation. The static yield stress (𝜏𝑠𝑦) is the shear 
stress required to initiate shear flow in a fluid that is initially at rest. Thus, 
the dynamic yield stress (𝜏𝑑𝑦) is the yield stress for a completely broken 
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down MR fluid by continuous shearing whereas the static yield stress (𝜏𝑑𝑦) 
is the yield stress for an undisrupted fluid 
 
 
1.3.2. Viscoelastic behavior 
 A viscoelastic material always shows viscous and elastic behavior 
simultaneously. This sum can be illustrated using a vector diagram. The 
viscous portion behaves according to Newton’s law and the elastic 
portion behaves according to Hooke’s law.  
1.3.2.1. Storage modulus and Loss modulus 
 The storage modulus G’ is the deformation energy stored in the elastic 
structure of the sample. The loss modulus G” represents the viscous part 
or the amount of energy dissipated in the sample. If the storage modulus is 
higher than the loss modulus, the material can be regarded as mainly 
elastic. The sum of storage and loss modulus is the so-called complex 
shear modulus 𝐺∗ [𝑃𝑎] given here in the complex form: 
𝐺∗ =  
𝜏 (𝑡)
𝛾 (𝑡)
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Chapter 2. Constitutive Equation 
 
2.1. Introduction 
 Magnetorheological (MR) fluids are typically composed of polarizable 
particles in a magnetically insulating fluid [1-3]. When magnetic field 
induces attractive interactions between the polarizable particles, these 
particles from a solid-like network of fibril shapes within a few 
milliseconds oriented along the direction of the magnetic field. Reverse 
transition occurs as soon as the electric field is switched off. In MR fluids, 
shear deformation leads to yield stress mainly because of two interactions: 
magnetostatic interactions between the suspended MR particles and 
hydrodynamic interactions. At low shear rates ( ?̇? ), the magnetostatic 
interactions between the suspended MR particles induced by the external 
magnetic field dominate the hydrodynamic interaction and thus lead to the 
formation of aggregated fibril structures (meso-structures). These fibril 
structures hinder the flow of the suspension, leading to yield stress before 
the flow starts. At high shear rates, however, the hydrodynamic 
interaction dominates. The fibril structures of MR fluids completely 
collapse, resulting in liquid-like behavior, in which the yield stress (𝜏𝑦) 
follows a power-law dependency on the Magnetic field strength (M) such 
as 𝜏𝑦 ∝ 𝑀
1.5~2 . These features lead to remarkable changes in the 
rheological properties of the fluid which shows wide potential application 
such as dampers, brakes, shock observers, drug delivery, and robotics, etc 
[4,5]. 
The dynamic yield stress (𝜏𝑑𝑦) is commonly obtained by extrapolating the 
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shear stress versus shear rate curve back to the shear stress intercept at 
a zero shear rate (Figure 2.1) [6]. The value obtained using this method is 
strongly influenced by the range of shear rates and by the rheological 
model selected for the extrapolation. The static yield stress (𝜏𝑠𝑦) is the 
shear stress required to initiate shear flow in a fluid that is initially at rest 
(Figure 2.1). Thus, the dynamic yield stress (𝜏𝑑𝑦) is the yield stress for a 
completely broken down MR fluid by continuous shearing whereas the 
static yield stress (𝜏𝑑𝑦) is the yield stress for an undisrupted fluid. As 
Fossum et al. stated, 𝜏𝑠𝑦 measured for an ER fluid under continuous shear 
and under application of a large electric field can differ significantly from 
𝜏𝑑𝑦 because MR fluids are naturally thixotropic due to the destruction of 
the microstructure that resists flow-induced particle rearrangement [7]. 
The static yield stress is thus an elusive property that depends on the 
shearing history of the sample under investigation. Previous models such 
as the CCJ model [8], the De Kee-Turcotte model [9], the Hershel-
Bulkley model [10], and the Bingham model did not correctly predict the 
static yield stress, nor did they properly describe the fluid dynamics of the 
MR fluids including rupture and reformation of the fibrous or columnar 
structures. The static yield stress seems to be larger than the dynamic 
yield stress from Figure 2.1 based on this analysis, though reverse 
tendency has been reported in the case of some magnetorheological (MR) 
fluids [11]. However, we contemplate that it is due to the model fitting of 
the stress curve. When the stress minimum due to structural change is not 
evident, curve fitting does not pass the stress minimum, but just bypasses 
it over the stress minimum. In this case, obtained dynamic yield stress 
value can be larger than the static yield stress because it is extrapolated 
from the larger value than the static yield stress, but its validity should be 
carefully checked. This can be another interesting subject in the future.  
In this report, we analyze the constitutive equation proposed to describe 
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the MR fluids flow, though the model can be equally applied to ER fluids. 
For the purpose of designing MR fluids, more precise knowledge of the 
relationships between the suspension rheological properties and such 
variables as the deformation rate, the applied magnetic field strength, and 
the composition are required. Even though predictive models have 
provided insights into the mechanisms governing MR fluid behavior, they 
have not been sufficiently quantitative for the purpose of design. In 
addition, they are not suitable for the predicting static yield stresses. To 
fit the MR fluid flow curves over the full range of shear rates under the 
high magnetic field strengths, Choi et al. proposed an empirical six 
parameter model (the CCJ model). Although this model described the 
overall fluid behavior, the values of the fitting parameters were not 
consistent with the physical phenomena, nor could the model predict the 
static yield stress. Another method for correlating or reducing 
experimental data is, therefore, desirable. In this study, we propose a 
simple model that describes the flow behavior of MR fluids, particularly the 
static yield stress (𝜏𝑠𝑦), the appearance of the minimum of shear stress 
versus shear rate, and the dynamics of the structural reformation. The 
model comprehensively describes the flow behaviors over the full range of 
shear rates and the parameters are associated with physical phenomena. A 
combination of flow curve analysis using the proposed model and 
dimensional analysis permitted a quantitatively and qualitatively precise 















Figure 2.1. Schematic figure of the flow curve: (-·-) Bingham fluid, (-








2.2. Rheological Models for the Yield Stress 
2.2.1. Static Yield Stress versus Dynamic Yield Stress  
 To evaluate the yield stress values from the suspension flow 
measurements, a suitable constitutive equation is required. Two different 
approaches have been tested: a continuum approach that models the 
mixture as a uniform, homogeneous suspension fluid, and a discrete model 
approach that models the mixture as a suspension fluid in combination with 
dispersed particles [12]. Although the discrete model is more reasonable 
and provides microscopic specifications with fewer assumptions, it is very 
complicated to implement and causes high computational costs. A thorough 
and comprehensive overview on the simulation and modeling of MR fluids 
has recently been published by Ghaffari et al [12]. We have chosen the 
continuum approach to create a rheological model that defines parameters 
as a function of suspension properties and applied magnetic field intensity 
[13]. The aim was to provide a suitable rheological model for the 
prediction of the static yield stress and flow behavior under a wide range 
of shear rates and magnetic field intensities. 
To describe MR fluids, three different modes of operation have been used: 
a) the valve (pressure) mode, which includes the stationary poles and the 
fluid flowing normal to the magnetic field direction: b) shear mode in which 
the poles move parallel to the flow direction; and c) squeeze mode in 
which the acting force is aligned with the magnetic field direction and the 
aggregated particle chains [14,15]. The acting force is normal to the 
magnetic field in the valve mode and the shear mode. The shear mode is 
most commonly used to measure the rheological properties of MR 
suspensions by rheometry. The constitutive model obtained in the shear 
mode can be easily applicable to other modes. The application of shear 
mode during rheometry measurements induces stresses in the MR fluids 
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which have the polarized interaction between MR particles once the 
magnetic field is turned on. At low shear rate ( ?̇? ), magneto-static 
interactions dominate the hydrodynamic interactions to form chain-like 
structures among the dispersed particles, while at high shear rate, the 
hydrodynamic interactions break the chain-like mesostructures. At low 
shear rates, the mesostructures are robust and withstand the disrupting 
shear-induced stress. However, the flow stars at higher shear rates as 
the hydrodynamic stress overcomes the interaction of the particles, 
breaking the shear-induced chain-like mesostruesture. MR suspensions 
thus exhibit a residual stress (yield stress, 𝜏𝑦), which invreases with the 
magnetic field strength [13-15]. 
As already mentioned, two yield stress (𝜏𝑑𝑦 and 𝜏𝑠𝑦) are present in MR 
fluids as well as ER fluids. Although a variety of viscoelastic or 
viscoplastic models have been examined for their ability to describe the 
behaviors of MR fluids, these model have not fully considered 
mesostructural reformation in MR or ER fluids. The rheological models for 
MR/ER fluids are listed as below. The most commonly used models are the 
Bingham plastic model or Hershel-Bulkley (HB) model because of their 
simple form compared to models such as the Casson model [10,16,17]. A 
Bingham model is the simplest model which describe the flow behaviors. 
Its relation between shear stress (τ) and shear rate (?̇?) is as follow 
τ =  𝜏𝑑𝑦(𝑀) +  𝜂𝑝𝑙?̇? , 𝜏 ≥ 𝜏0(𝑀)    (2.1) 
?̇? = 0 , 𝜏 < 𝜏0(𝑀) 
Where M is the magnetic field strength, 𝜏0(𝑀) is the dynamic yield stress 
at the field strength M, ?̇? is the shear rate, and 𝜂𝑝𝑙 is M-dependent plastic 
viscosity, which approaches the suspension viscosity at a sufficiently high 
shear rate. And Hershel-Bulkley model is an extension of the Bingham 
model to include shear rate dependence 
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τ = 𝜏0 + 𝑚?̇?
𝑛−1    (2.2) 
where 𝜏0(𝑀) is the dynamic yield stress at the field strength M, ?̇? is the 
shear rate, m and n are the consistency parameter and the power-law 
index. The Casson model is a structure based model used to describe the 
flow of viscoelastic fluids. This model has a more gradual transition from 
Newtonian to the Yield region. The Casson model is expressed as 
√𝜏 =  √𝜏𝑦 +  √𝜂?̇?    (2.3) 
Where 𝜏𝑦 is Casson yield stress, 𝜂 is Casson plastic viscosity and ?̇? is 
the shear rate. 
Some models are variations of the Bingham model and the HB model. So 
far, except for the Seo-Seo model, all models predict only the dynamic 
yield stress obtained by extrapolating the shear stress curve versus the 
shear rate back to the zero shear rate. The pitfall of obtaining the dynamic 
yield stress from the extrapolation of the stress curve is that it is strongly 
influenced by the range of shear rates and the rheological model chosen 
for the extrapolation (Figure 3.1). The calculated yield stress also 
corresponds to a MR fluid that has been completely broken down by 
continuous shearing. On the other hand, the static yield stress is the yield 
stress of an uninterrupted fluid required to start the flow [10,13]. An 
important feature of plastic fluids is that one part of the fluid may flow, 
while the other parts can act as solids without deformation. Thus, all 
models of Bingham type fluids or HB type fluids are unable to track the 
randomly distributed yielding surfaces [3,17]. To avoid the discontinuities 
in the flow curve by the inclusion of the flow yield criterion, Papanastasiou 
proposed a single equation describing the total flow curve before and after 
yielding. The Papanastasiou model is expressed as 
τ =  𝜏𝑦 ( 1 −  1 − exp (−𝑛?̇?)) +  𝜂?̇?    (2.4) 
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other cross models using the Newtonian model and the Bingham or HB 
model with the weighting functions of Papanastasiou model, 𝑤𝑖(?̇?), such as 
τ (?̇?) =  𝜏𝑁𝑒𝑤𝑡𝑜𝑛(?̇?)𝑤1(?̇?) + 𝜏𝐵𝑖𝑛𝑔ℎ𝑎𝑚(?̇?)𝑤2(?̇?)    (2.5) 
or 
τ (?̇?) =  𝜏𝑁𝑒𝑤𝑡𝑜𝑛(?̇?)𝑤1(?̇?) +  𝜏𝐻𝐵(?̇?)𝑤2(?̇?)    (2.6) 
where 𝑤1(?̇?) + 𝑤2(?̇?) = 1, were also presented to describe the behavior of 
the MR fluids. Although these models have shown partial agreement with 
experimental data at low shear rates, they were unable to predict the 
static yield stress nor fit the experimental at high shear stress. 
In order to obtain the static yield stress, we have developed a novel 
approach. In view of the fact that shear stress varies with the material 
deformation, it should be understood that the disruption of the 
mesostructured after initiation of flow reduces the fluid resistance to 
external deformation. Letting the sudden decease of the shear stress (Δτ) 
follows the functional form of Papanastasiou, which provides a constitutive 
relationship describing the stress-strain behavior, Seo and Seo proposed a 
four-parameter model as follows 
τ =  𝜏𝑠𝑦  ( 1 −  
1 − exp (𝑎?̇?)
1 + (𝑎?̇?)𝛼
 ) +  𝜂∞?̇?      (2.7) 
where 𝜏𝑠𝑦 is the static yield shear stress, 𝜂∞ is the shear viscosity at 
high shear rate, a is the time constant (i.e. the reciprocal of critical shear 
rate for aligned particle structure deformation), and α is the power-law 
index used to decide the degree of shear thinning. This model is proposed 
to integrate the static yield stress and stress variation as a function of the 
shear rate described by the Papanastasiou model. In the unyielded region, 
lim
𝛾→0
𝜏 =  𝜏𝑠𝑦. Thus, the singularity at zero shear rate can be avoided. This 
differs from the dynamic yield stress predicted by the Bingham model or 
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the HB model at ?̇? → 0. The Seo-Seo model can simulate other flows such 
as a Newtonian fluid ( 𝜏𝑠𝑦 = 0) , a Bingham fluid ( a = 0), the De Kee-
Turcotte model (α = 0, a ≠ 0), and the Herschel-Bulkley model (a = 0,η =
m?̇?𝑛−1) [13-17,18]. By separating the static yield stress and the stress 
change up deformation, the Seo-Seo model can describe the entire stress 
curve in both yielded and unyielded regions. This model predicts the static 
yield stress at low shear rates corresponding to the absence of motion 
(before yielding), describes the flow behavior during mesostructured 
disruption including the minimum in the stress curve and the flow behavior 
at high shear rates very accurately. Depending on the magnitude of the 
stress variation, the values of 𝜏𝑠𝑦  may be close to 𝜏𝑑𝑦  or significantly 
different. As reported previously, the difference between 𝜏𝑠𝑦  and 𝜏𝑑𝑦  is 
not large (less than 10%) when the polarized particle interaction is strong 
(as in carbonyl iron particle suspension). However, this difference can be 
large (≒30%) if the polarized particle interaction is weak so that the 
structural change occurs strongly [18,19] 
 
2.2.2. Yield Stress Dependency on the Magnetic Field 
Strength 
The yield stress of a MR fluid is affected by many factors, in which the 
effect of the applied magnetic field has received more attention than the 
other parameters. Although numerous studies have formulated the yield 
stress dependence on the magnetic field strength, no comprehensive and 
unique correlation has not yet been identified to fit the yield stress 
dependence on the magnetic field strength (H). The dependence of the 
yield stress on the magnetic field strength was represented by a power-
law relation 𝜏𝑦 ∝ 𝐻
𝑛 [18-. Depending on the magnetic field strength, the 
nonlinearity of the magnetization of dispersed materials gives different 
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experimental values of n. For a linear magnetic material at low field 
strength or for particles with a low permeability, a quadratic dependence 
(n=2) is expected, whereas a 3/2 power-law dependence was reported 
for intermediate field strengths. For ER fluids, Davis and Ginder showed 
that the yield stress is proportional to the square of the electric field 
strength ( 𝐸0 ), 𝜏𝑦 ∝ 𝐸0
2 , at low electric field strengths, while being 
proportional to 𝐸0
3/2 at high electric field strengths due to the electrical 
breakdown of ER fluid [21].  
Choi et al. asserted that the experimental data could be normalized to 





)     (2.8) 
where α is a constant related to the physical parameters of the material, 
such as the susceptibility of the fluid and particle volume fraction, and 𝐻𝑐 
is the critical field strength [22]. This equation describes the limiting 
behaviors at low and high magnetic field strengths. 
𝜏𝑦  ∝ {
𝛼𝐻0
2,   𝐻0 ≪  𝐻𝑐  
𝛼√𝐻𝑐𝐻0
3/2,     𝐻0 ≫  𝐻𝑐  
     (2.9) 
Since the separation of two different regions is cumbersome, Seo 
proposed a simple equation that fits the experimental data well with one 
parameter, m′. 
𝜏𝑦(𝐻0) =  𝛼𝐻0
3 2⁄ ( 1 − 𝑒𝑥𝑝 ( −𝑚′√𝐻0))    (2.10) 
Irrespective of the applied magnetic (or electric) field strengths, it could 
be shown that this nonlinear function fits the field dependency of the MR 
fluid’s (or the ER fluid’s) yield stress, revealing the limiting behaviors 
at low and high magnetic field strengths. 
２５ 
 
𝜏𝑦  ∝ {
𝛼𝑚′ ∝  𝐻0
2,   𝐻0 ≪  𝐻𝑐  
𝛼𝐻0
3/2,     𝐻0 ≫  𝐻𝑐  
     (2.11) 
Normalizing Equation (2.10) with 𝐻𝑐, a critical magnetic field strength, and 
𝜏𝑦 =  𝛼𝐻𝑐
3 2⁄  gives the following dimensionless equation 
?̂? =  ?̂?3 2⁄  ( 1 − exp (−𝑚√?̂?))    (2.12) 
where ?̂? =  𝐻 𝐻𝑐⁄  and 𝑚 =  𝑚′√𝐻𝑐 [23]. 
 
2.2.3. Mechanism of Structure Evolution  
If the primary forces governing the behavior of MR fluids are 
magnetostatic polarization forces induced by an applied magnetic field and 
hydrodynamic forces caused by the particle motion relative to the 
continuous phase, the non-dimensional MR fluid properties should depend 
only on the ratio of the magnetostatic polarization force to the magnitude 
of the hydrodynamic force [24]. Using dimensional analysis, Marshall et al. 
revealed that suitably non-dimensional MR fluid’s properties should 
depend only on the magnitude of the hydrodynamic force to the ratio of the 
magnetostatic polarization force [25,26]. More precisely, the 
dipole−dipole interactions are proportional to the square of the magnetic 
field intensity, 𝑀2, whereas the shear strength acting on a particle within 
an MR chain is proportional to the local shear constraint, i.e., the shear 
rate ?̇?. Hence, the normalized shear that allows for the comparison of the 
shearing processes to the cohesive MR structures present in different runs 
is ?̇? 𝑀2⁄ , which is proportional to the Mason number 
Mn = 8𝜂0?̇?/2𝜇0𝜇𝑐𝛽
2𝑀2      (2.13) 
Where 𝜂0 is the medium viscosity, ?̇? is the shear rate, β is the magnetic 
contrast factor ( = (𝜇𝑝 − 𝜇𝑐)/(𝜇𝑝 + 2𝜇𝑐) , 𝜇𝑝  is the relative magnetic 
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permeability of the particles, 𝜇𝑐 is the relative magnetic permeability of 
the liquid medium phase), 𝜇0 = 4𝜋 × 10
−4 𝑁 𝐴2⁄  is the vacuum permeability, 
and M is the magnetic field strength. Thus, the apparent viscosity η (=
𝜏 ?̇?⁄ ) is proportional to 𝑀𝑛−1 if the volume fraction of the particle remains 
constant. The utility of this dimensional analysis is that the shear rate and 
field strength dependence of an MR fluid’s rheological properties can be 
described in terms of a single independent variable proportional to the 
Mason number (or ?̇? 𝑀2⁄ ). Fossum et al. claimed that application of a 
scaling factor s(M), to the vertical axis, permits all flow curves to overlap. 
This implies that, by rescaling horizontal axis by 𝑀2 and the vertical axis 
by a suitable factor s(M), a master curve may be achieved. For a suitable 
form of s(M), Fossum et al. suggested a power-law form of the electric 
field strength  
τ (M) =  (𝑀/𝑀𝑐)
𝛼f(?̇? 𝑀2)      (2.14)⁄  
where the functional relation f represents the master curve. Once the 
apparent suspension viscosity is defined as 𝜂𝑎𝑝𝑝 = 𝜏 ?̇?⁄ , it has the same 
functional relationship as τ. After non-dimensionalization according to 
the viscosity at a magnetic field strength of zero and plotting it as a 
function of ?̇? 𝑀2⁄ , the dimensionless apparent viscosities of the MR fluid 
collapse onto a single curve. At low Mn , the log((𝜂𝑎𝑝𝑝 𝜂𝑐⁄ )(𝑀 𝑀𝑐⁄ )) −
log(?̇? 𝑀2⁄ )  curve has a slope of −1. Whereas at large Mn , the curve 
smoothly approaches unity. Using the Bingham constitutive equation, 
Marshall et al. correlated the apparent viscosity with the Mason number 
having the slope of −1. The data collapse onto a master curve indicating 
that the combination of flow curve analysis using the proposed model and 
dimensional analysis enables not only qualitative but also quantitative 






The flow behavior of MR fluids that display both static yield stress (𝜏𝑠𝑦) 
and aligned structure deformations (breaking and reformation of the 
formed structures) at high shear rates was modeled using a new 
rheological model. This model combined the non-uniform stress 
distribution proposed by Papanastasiou in the context of Bingham fluids 
with the stress variation due to aligned structure reformation. The four-
parameter model, eq (2.7), correctly describes the phenomena underlying 
the flow curve, and provides a phenomenological explanation for the 
structural deformations associated with yielding at different stress levels. 
The obtained parameters correlated well with the experimental data for 
three different ER fluids both quantitatively and qualitatively. Most of all, 
the model plausibly predicted the static yield stress (𝜏𝑠𝑦) rather than the 
dynamic yield stress (𝜏𝑑𝑦). The model could correctly predict variations in 
the parameters under an applied electric field strength. The apparent 
viscosity of the MR fluid could be represented by the function of ?̇? 𝑀2⁄  
which resulted in collapse of the experimental data at various magnetic 
field strengths and shear rates onto a master curve when properly 
rescaled with a shift factor s(M). This implies that the current model 
affords precise determination of the rheological behavior of MR fluids over 
a range of magnetic field strengths and shear rates with the requirement 
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Chapter 3. High-Performance Magnetorheological 
Suspensions of Pickering Emulsion Polymerized 
Polystyrene/Fe3O4 Particles with Enhanced Stability 
 
3.1 Introduction 
 Magnetorheological (MR) fluids are suspensions of fine magnetic 
particles in magnetically insulating fluid. Upon application of a magnetic 
field, randomly dispersed particles can rapidly form a solid-like network 
(meso-structure) of fibril shapes along the field direction because of the 
attractive interactions between the suspended particles [1,2]. This is very 
similar to the electrorheological (ER) fluids, which also form a solid-like 
structure of fibril shapes along the electric field direction [3,4]. The 
structural changes associated with the forward and reverse structural 
transitions occur very quickly, on the order of milliseconds, upon 
application and removal of the magnetic field. Those aligned mesoscale 
structural changes are responsible for an increase in the apparent 
viscosity of the MR fluids by 3 to 4 orders of magnitude in response to a 
magnetic field. The suspension’s rheological properties can be controlled 
by tuning the external magnetic field intensity. These field-responsive 
properties make MR fluids useful in various mechanical systems – for 
example, small devices such as haptic devices, vehicle suspensions, rotor 
dampers, and so on. And big modern constructions such as Dong Ting Lake 
Bridge in China to negate vibrations caused by gusts of wind or large 
buildings to subside earthquakes. 
 The metal particles can be classified as paramagnetic, 
superparamagnetic, or ferromagnetic depending on their response to 
magnetic fields. Ferromagnetic materials such as maghemite (Fe2O3), 
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magnetite (Fe3O4), or carbonyl iron (CI) generally show high 
magnetization values and less magnetic hysteresis [6-9]. They are 
frequently used in MR fluids. However, MR fluids of these ferromagnetic 
particles have a drawback of poor long-term stability because of a density 
mismatch between the magnetic particles and the suspending medium. The 
long-term stability should be improved for wider industrial application 
[10-12]. Significant efforts have been devoted to overcome the 
sedimentation problem, such as the introduction of polymer coatings or 
passivation layers onto the magnetic particles, addition of additives and 
fillers, or use of a viscoplastic medium [13,14]. More recent studies 
demonstrated that introduction of a protective light layer on the magnetic 
particles is a quite efficient and promising method in improving the 
suspensions stability [15-18]. Another effective method is to fabricate 
particles of a low-density polymeric material encapsulated by fine 
magnetic particles. This kind of core-shell particles can be prepared by 
the Pickering-emulsion process, in which the solid inorganic magnetic 
particles are used as a surfactant instead of the conventional organic 
molecular surfactant [6]. The nanometer-sized magnetic particles are 
adsorbed onto the emulsion droplets before the polymerization process 
starts to reduce the interfacial energy. Because of the reduced density 
compared to bare magnetic metal particles, they form more stable 
suspensions.  
 In our previous study, we have applied the Pickering-emulsion 
polymerization method to prepare Fe2O3 coated polystyrene (PS/Fe2O3) 
particles [6,12]. Spherical Fe2O3 particles of 50nm size were used as a 
stabilizer, and their MR properties were examined at various magnetic field 
strengths after the particles were dispersed in silicone oil. The 
incorporation of the polymer core and the Fe2O3 shell nor only reduced the 
density of the particles but also improved the dispersibility of the core-
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shell nanoparticles [12]. The morphology of the particles obtained was 
found to be different from that of the commonly used CI based composite 
MR particles. The density of the PS/Fe2O3 particles was significantly 
reduced (5.12g/cm3 to 2.6g/cm3), and the stability of the suspension was 
improved. However, the yield strengths were also reduced because of the 
magnetically inactivity of the PS core and the small amount of magnetic 
field responsive Fe2O3 nanoparticles.  
In this study, we have used ferromagnetic magnetite (Fe3O4) 
nanoparticles for the Pickering-emulsion polymerization, because it shows 
not only higher surfactant activity due to its amphiphilicity but also higher 
magnetic saturation value than that of Fe2O3 [12,19]. As results, better 
performing MR fluids with good stability were obtained. PS(core) / 
Fe3O4(shell)-structured particles were synthesized by the Pickering-
emulsion polymerization method. The core PS size was varied to change 
the amount of the Fe3O4 surfactant. The PS core was later foamed by 
using a supercritical carbon dioxide (scCO2) fluid to reduce the particle 
density even further, which turned out to be quite effective in improving 
the MR fluid stability [20]. The static yield stress values obtained by using 
the Seo-Seo model were also remarkably enhanced compared to the 
PS/Fe2O3 suspensions [21,22]. The particle aggregation mechanism was 
investigated by probing the universal yield stress behaviors using the 
Mason plot [21]. 
 
3.2 Experimental Section 
3.2.1 Synthesis of Polystyrene/Fe3O4 particles 
 Submicron-sized PS/Fe3O4 particle were synthesized by the Pickering-
emulsion polymerization method using Fe3O4 nanoparticles as a surfactant 
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and a stabilizer. Magnetic Fe3O4 nanoparticles (5g) (particle size of 50-
100 nm and density of 4.87 g/cm3, Sigma-Aldrich) were added to 200mL 
of deionized water and then ultrasonicated for several minutes. After 
ultrasonication, the styrene monomer (9 and 13.5g) (above 99% purity, 
Daejung, Korea) including the radical initiator, 2,2’-azobis(2-methyl-
propionitrile) solution (AIBN solution, Sigma-Aldrich) (15mL) was poured 
into the Fe3O4 suspension and agitated vigorously using a homogenizer 
until it was well-dispersed in the aqueous phase as emulsified droplets. 
The emulsified suspension was placed into a 250mL round-bottomed 
three-neck flask. The reactor was sealed with a rubber septum and 
purged with nitrogen gas, and the mixture was stirred with a mechanical 
stirrer. The system was heated to 70℃ and maintained for 24 h. The final 
product was washed with methanol and distilled water to remove the 
excess initiator and monomer and dried in a vacuum oven for a day. Molar 
mass of PS was measured by gel permeation chromatography (GPC) 
(Young Lin SP930D, column: GPC KD 806 M x2, eluent: 0.01 M LiCl in 
dimethylformamide, flow rate: 1.0 mL/min, and column temperature: 
40 °C) after the Soxhlet extraction. The results showed that the 
number-average molar mass (Mn) was ca. 18490 Da, weight-average 
molar mass (Mw) was ca. 60400 Da, and polydispersity index was ca. 3.27. 
 
3.2.3. Synthesis of Foamed Polystyrene/Fe3O4 particles 
A schematic diagram of the scCO2 foaming equipment is presented in 
Figure 3.1 PS/Fe3O4 microparticles were added to distilled water (150 
mL), and the suspension was poured into the reaction chamber. Both the 
subchamber and the reaction chamber were filled with CO2 (99.98% purity, 
Shinyang Oxygen Ind. Co. Ltd., Korea) and heated until both chambers 
reached the desired temperature and pressure. After that, the reaction 
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chamber was maintained at the preset temperature and pressure for a 
certain period of time. The scCO2 penetrates into the interspace between 
the polymer chains to increase their free volume and mobility [20]. The 
reaction chamber was subsequently quenched and depressurized by 
opening the discharge V-4 valve and venting the mixture (PS/Fe3O4 
microparticles and distilled water) to atmosphere. The PSF/Fe3O4 
microparticles were washed with an excess of distilled water and collected 






















Figure 3.1. Schematic diagram of the scCO2-foaming experimental setup 
for foaming processing: (1) CO2 gas tank, (2) subchamber, (3) pressure 
gauge, (4) subchamber heating unit with a temperatureindicator, (5) pump, 
(6) reaction chamber, (7) thermocouple, (8) impeller, (9) motor with 
revolutions per minute gauge, (10) temperature indicator, (11) pressure 
gauge, (12) reaction chamber heating unit with a temperature indicator, 







The densities of Fe3O4, PS/Fe3O4 and PSF/Fe3O4 particles were measured 
using a helium pycnometer (AccuPyc 1330, Micromeritics Instrument 
Corporation, Norcross, GA). The morphology of the synthesized PS/ Fe3O4 
particles was observed by scanning electron microscopy (SEM; SUPRA 
55VP, Carl Zeiss, Germany) and transmission electron microscopy (TEM; 
JEM1010, JEOL, JAPAN). Optical microscopy (Olympus BX-51, Japan) 
was also used to observe the response of MR fluids during exposure to an 
applied magnetic field. The magnetic characteristics were examined using 
a vibrating sample magnetometer (VSM; model 7370, Lake Shore 
Cryotronics, Westerville, OH) over the range of −5 to 5 kOe. The 
rheological properties of the MR fluids were measured using a commercial 
rotational rheometer (Physica MCR300, Stuttgart, Germany) equipped with 
a magnetic generator (Physica MRD 180). A parallel-plate measuring 
system with a diameter of 20 mm was employed at a gap distance of 1 mm. 
Silicone oil (KF-96, 10 cS, density (ρ) = 0.96 g/cm3, Shin Etsu, Japan) 
was used as the medium oil. The particle concentration was 25 vol %. The 
sedimentation stability of Fe3O4, PS/ Fe3O4, and PSF/ Fe3O4 particle 




























Figure 3.2. SEM images of (a) pure PS particles, (b) PS/Fe3O4 particles 
(density 2.81 g/cm3, average particle size ≈ 350 nm), (c) PSF/Fe3O4 
particles (density 2.39 g/cm3, average particle size ≈ 385 nm), (d) TEM 
image of PS/Fe3O4 particles (density 2.11 g/cm
3, average particle size ≈ 
600 nm), (e) PSF/Fe3O4 particles (density 1.82 g/cm
3, average particle 








Figure 3.3. Optical microscopic images of microstructural change for 
PSF/Fe3O4 (density 1.82 g/cm
3, average particle size ≈ 660 nm) particle 
suspensions (a) before and (b) after the application of the external 
magnetic field of 86 kA/m. Particles form aggregated structures along the 










3.3 Results and Discussion 
3.3.1 Morphology 
Table 3.1 lists the densities of the various particles (pure Fe3O4, 
Pickering-emulsion-polymerized PS/Fe3O4 and PSF/Fe3O4). We have 
prepared two different sizes of PS/Fe3O4 particles: 350 and 600 nm to 
investigate different particle interactions as well as their sedimentation 
stabilities. The density of PS/Fe3O4 was quite low compared to that of 
Fe3O4 because of the light PS core (ρ = 1.04 g/cm
3). The PSF/Fe3O4 
particle density was further reduced by the foaming process. Figure 3.2 
shows the particle morphologies of (a) pure PS particles, (b) PS/Fe3O4 
particles (ρ = 2.81 g/cm3, average particle size ≈ 350 nm), (c) TEM 
image of PSF/Fe3O4 particles (ρ = 2.39 g/cm
3, average particle size ≈ 
385 nm), (d) PS/Fe3O4 particles (ρ = 2.11 g/cm3, average particle size ≈ 
600 nm), (e) PSF/Fe3O4 particles (ρ = 1.82 g/cm
3, average particle size 
≈ 660 nm), and (f) pure Fe3O4 particles. In Figure 3.2 (a)-(c), we can 
clearly identify the change of surface morphologies. The Figure 3.2 (b), (c) 
shows the surface of PS covered by Fe3O4 particles after Pickering-
emulsion polymerization and foaming. The TEM image in Figure 3.2 (c) 
shows that Fe3O4 nanoparticles were adsorbed on the PS core. The 
surfaces were bumpy and rough unlike the smooth surfaces of pure PS 
particles in Figure 3.2 (a). This verifies that the Fe3O4 nanoparticles acted 
as a solid surfactant at the oil/water interface [12]. Some Fe3O4 
nanoparticles were overlapped with the other Fe3O4 particles attached on 
the PS core. Foaming the PS/Fe3O4 nanoparticles expands the PS core to 
enlarge the particle size (PSF/Fe3O4 particles in Figure 3.2 (e)). When the 
external magnetic field is turned on and off, optical microscope images for 
PSF/Fe3O4 (ρ = 1.82 g/cm
3, average particle size ≈ 660nm) are shown 
in Figure 3.3. Once the magnetic field was on, the suspended particles 
displayed a rapid change from a uniformly dispersed state (Figure 3.3 (a)) 
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to fibril-like network structures along the magnetic field direction (Figure 
3.3 (b)), which resisted the fluid flow in the gap of the flowing channel. 
When the external magnetic field was off, the particles were uniformly 
dispersed again. Figure 3.4 shows the magnetic hysteresis loops for pure 
Fe3O4, PS/Fe3O4, and PSF/Fe3O4 particles in a powder state over the range 
of −5 to 5 kOe. The loops demonstrate a distinct hysteresis behavior of 
soft magnetic particles such as a high magnetization saturation value (Ms) 
and a very small (close to zero) coercive force. Ms values were 61 emu/g 
(pure Fe3O4), 41 emu/g (PS/Fe3O4 particles, ρ = 2.81 g/cm
3, average 
particle size ≈ 350 nm), 39 emu/g (PSF/Fe3O4 particles, ρ = 2.39 g/cm
3, 
average particle size ≈ 385 nm), 36 emu/g (PS/Fe3O4, ρ = 2.11 g/cm
3, 
average particle size ≈ 600 nm), and 34 emu/g (PSF/ Fe3O4, ρ = 1.83 
g/cm3, average particle size ≈ 660 nm). The low saturation value of larger 
PS/Fe3O4 particles indicates that the Fe3O4 nanoparticles were more 
aggregated on the small PS core. The foamed particles have larger surface 
area because of the PS core expansion, which induced lower saturation 
values than non-foamed particles. This is corroborated by the fact that the 
magnetization saturation values decreased with the particle density. Low-
density particles, which have larger surface area, have fewer aggregates 
of surfactants (Fe3O4), hence weakening the interaction between them. 
However, all PS/Fe3O4 particles show higher saturation values than pure 
Fe2O3 (30 emu/g) and PS/Fe2O3 (20 emu/g, ρ = 2.6 g/cm
3) [1].  
 
3.3.2. Magnetorheological behaviors 
Oscillatory tests (amplitude and frequency sweep) were performed to 
investigate the viscoelastic behaviors of the suspensions. Figure 3.5 (a) 
exhibits the amplitude-sweep measurement, which represents the change 
of the storage modulus as a function of the strain, ranging from 0.001 to 
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100%. The storage modulus tends to increase with the magnetic field 
strength because of the enforced dipole−dipole interactions between 
particles. The plateau region is observed in a strain range of 0.001 to 0.02% 
for both magnetic field strengths of 86 and 343 kA/m. This region is the 
linear viscoelastic region, where the storage modulus is constant 
regardless of the applied strain. The mesostructures formed under the 
magnetic polarization remain undisturbed in this region. As the strain 
amplitude increased, the storage modulus showed a gradual downfall 
because the mesostructures started to break apart. Figure 3.5 (b) shows 
the frequency-sweep measurement of the storage modulus (G′) and the 
loss modulus (G″) at a strain of 0.01%. The storage moduli of three 
particle suspensions were 2 orders of magnitude larger than the 
corresponding loss moduli. This indicates that the solid-like elastic 
properties of those MR fluids upon exposure to the magnetic field was 
quite strong because of the mesostructured formation. Though the 
nanosized Fe3O4 particles were surface adsorbed on the PS core surface, 
they were polarized strongly enough to maintain those chain-like 
mesostructures. 
In most MR fluids, the mesostructures are strong enough to withstand the 
external shear stress at low shear rates, but they are broken down at high 
shear rates. The shear stress of the MR suspensions remains at constant 
values at low shear rates and goes down slightly with the structural 
change and rises up again because of the high shear stress (Figure 3.6 
(a)). Sometimes this stress change going through the downhill and rising 
up again appears eminently, although it is not so manifest in most MR 
fluids [21]. Foamed particle suspensions have lower shear stress than 
unfoamed particle suspensions because the foam expansion hinders 
particle aggregation, and it has possibly lost some adsorbed Fe3O4 
particles during the foaming process. Under the magnetic field, the shear 
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stress appears almost flat at low shear rates and slowly rises at high shear 
rates because of the increased hydrodynamic stress. The pure Fe3O4 
suspension yields the highest shear stress. Unfoamed particle suspensions 
[PS/Fe3O4 (2.81 g/cm
3) and PS/Fe3O4 (2.11 g/cm
3)] and foamed particle 
suspensions [PSF/Fe3O4 (2.39 g/cm
3) and PSF/Fe3O4 (1.82 g/cm
3) particle] 
are next in order. It is worthy to note that higher density particle 
suspensions do not necessarily have higher moduli or viscosities (Figure 
3.6 (b)). For this kind of core−shell type MR particles, the surface density 
of magnetic particles (mass/surface area) is a more important factor than 
the particle density because all magnetic interactions come from the shell 
forming Fe3O4 nanoparticles and not from the magnetically inactive PS 
core part. Though the density of the foamed particles (PSF/Fe3O4 (2.39 
g/cm3), 385 nm) is larger than that of the unfoamed particles (PS/Fe3O4 
(2.11 g/cm3), 600 nm), the large-sized particles adsorb more Fe3O4 
particles on the core surface, which induces higher surface density and 
accompanies stronger magnetic interaction between Fe3O4 nanoparticles. 
Table 3.1 lists the surface density of Fe3O4 particles on the PS core. The 
surface density of PS/Fe3O4 (2.11 g/cm
3) particles (5.7 μg/cm2) was 
higher than that of PSF/Fe3O4 (2.39 g/cm
3) particles (5.36 μg/cm2), but 
the higher surface density of Fe3O4 particles on the PS core of the former 
induces stronger interactions among particles than the latter and thus form 
more robust mesostructures. This is also the same in the storage and loss 
moduli as shown in Figure 3.5 (b). It is further corroborated by the 
magnitude order in the suspension viscosities (Figure 3.6 (b)). The order 
of the shear viscosity magnitude was the same as that of the shear stress 











Figure 3.4. VSM data of pure Fe3O4, PS/Fe3O4 (2.81 g/cm
3), PSF/Fe3O4 
(2.39 g/cm3), PS/Fe3O4 (2.11 g/cm
3), and PSF/Fe3O4 (1.82 g/cm
3) 








Figure 3.5. (a) Amplitude-sweep dependence of the storage modulus, G′ 
for 25 vol % MR fluids of pure Fe3O4, PS/Fe3O4 (2.81 g/cm
3), PSF/Fe3O4 
(2.39 g/cm3), PS/Fe3O4 (2.11 g/cm
3), and PSF Fe3O4 (1.82 g/cm
3) particle 
suspensions and (b) frequency-sweep dependence of storage modulus 
(G′) and loss modulus (G″) for 25 vol % MR fluids of pure Fe3O4, 
PS/Fe3O4 (2.11 g/cm
3) and PSF/Fe3O4 (1.82 g/cm






3.3.3. Yield Stress of the MR Fluids 
Usually, the MR fluid exhibits plastic yielding behavior under the applied 
external magnetic field, which is expressed as the Bingham fluid [24,25] 
τ =  𝜏𝑑𝑦 +  𝜂𝑝𝑙?̇?     (3.1) 
where τ is the shear stress, 𝜏𝑑𝑦 is the dynamic yield stress, 𝜂𝑝𝑙 is the 
plastic viscosity, and ?̇? is the shear rate. All suspensions show a wide 
plateau region at low shear rates, which is attributed to the magnetic 
field-induced solid-like structures (Figure 3.6 (a)). At low shear rates, 
magnetic interactions between particles dominate the hydrodynamic 
interactions to form mesostructures, but the hydrodynamic stress 
destructs formed mesostructures once it exceeds the interaction between 
the magnetic particles at high shear rates. The yield stress appears when 
the mesostructures succumb to external shear stress. It increases with the 
external magnetic field strengths. There are two yield stresses: a dynamic 
yield stress (𝜏𝑑𝑦) and a static yield stress (𝜏𝑠𝑦) [21-23]. The dynamic 
yield stress is the stress calculated by extrapolating the stress curve 
where mesostructures are completely broken down by the continuous 
shearing to zero shear rate. On the other hand, the static yield stress is 
the minimum stress needed to initiate the flow of MR suspensions by the 
shear stress [23]. The yield stress for an MR or ER fluid should be the 
static yield stress rather than the dynamic yield stress [26]. Recently, Seo 
and Seo proposed a constitutive model to predict the static yield stress 
[21] 
τ =  𝜏𝑠𝑦  ( 1 − 
( 1 − exp(−𝑎?̇?))
( 1 +  (𝑎?̇?)𝛼
 ) + 𝜂𝑝𝑙?̇?      (3.2) 
where 𝜏𝑠𝑦 is the static yield stress, a is the time constant (the reciprocal 
of the critical shear rate for an aligned mesostructured deformation), and 
α is the power-law index for the shear thinning. This model can predict 
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the static yield stress at low shear rates without an extrapolation process, 
which is needed for the dynamic yield stress [22]. The static yield stress 
can be measured by using the controlled shear stress (CSS) mode. Figure 
3.7 shows the viscosity change as a function of the shear stress, measured 
using the CSS mode. The point at which the shear viscosity suddenly 
plummeted by several orders of magnitude is the static yield stress point 
where the shear stress exceeded the yield stress [8,11]. All static yield 
stress values predicted by the Seo−Seo model, experimental data, and the 
dynamic yield stress obtained from the Bingham model are presented in 
Table 3.2. The static yield stress values predicted by the Seo−Seo model 
show excellent agreement with the experimental data. Also, dynamic yield 
stress calculated using the Bingham model are reasonably close to the 
static yield stress, which indicates that the mesostructures are relatively 
strong to withstand the external shear stress. If the mesostructures are 
not so robust, they show a totally different behavior. When there is a deep 
fall in the shear stress, the dynamic yield stress values and the static yield 
stress values can be noticeably different [28]. We reported that the MR 
suspensions containing Pickering-emulsion-polymerized PS/Fe2O3 
exemplified this difference [13,25]. The static yield stress of the 
PS/Fe2O3 suspensions described the yield stress dependence on the 
magnetic field strength to confirm that both suspensions of Fe2O3 and 
PS/Fe2O3 follow the same magnetic polarization model. The static yield 
stresses obtained from the Seo−Seo model exhibited the same quadratic 
dependence on the magnetic field strength for both pure Fe2O3 particle 
suspensions and Fe2O3/PS particle suspensions, whereas the dynamic yield 
stresses obtained from the Cho−Choi−Jhon model showed a different 
dependence on the magnetic field strength [19]. The static yield stress 
could plausibly explain the difference in the underlying mechanism of both 
MR fluids [26]. It is certain that the Seo−Seo model can accurately 
capture the essence of the MR flow behavior, describing the structural 
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reformation process of the aligned fiber-like structures at various shear 
rates and the underlying mechanism of MR fluids. However, dynamic yield 
stress values are also in good agreement with the static yield stress 
values for all suspensions in this study. The yield stress of the Fe3O4 
particle suspension was the highest, followed by those of PS/Fe3O4 (2.81 
g/cm3), PS/Fe3O4 (2.11 g/cm
3), PSF/Fe3O4 (2.39 g/cm
3), and PSF/Fe3O4 
(1.82 g/cm3) particle suspensions in order. By the same token, the shear 
stress and viscosity results were in the same order as displayed in Figure 
3.5 (a), (b).  
All yield stress values in Table 3.2 reveal that Pickering emulsion-
polymerized PS/Fe3O4 suspensions present a stronger MR activity than the 
Pickering-emulsion-polymerized PS/Fe2O3 suspensions [19]. The static 
yield stress values of the PS/Fe2O3 suspensions (25 vol%) in silicone oil 
were 100 and 210 Pa at the magnetic field strength of 86 and 341 kA/m, 
respectively. At the same magnetic field strengths, PS/Fe3O4 suspensions 
show 405 and 1590 Pa for the PS/Fe3O4 (2.81 g/cm
3) suspension and 355 
and 1385 Pa for the PS/Fe3O4 (2.11 g/cm
3) suspension (Table 3.2). The 
saturation magnetization of PS/Fe2O3 was 20 emu/g, which is lower than 
that of PS/Fe3O4 (2.81 g/cm
3), 41 emu/g, and that of PS/Fe3O4 (2.11 
g/cm3), 36 emu/g. The difference in saturation magnetization does not 
explain the large difference in the static yield stress between the PS/Fe2O3 
suspension and the PS/Fe3O4 suspension. The average particle size of 
PS/Fe2O3 was slightly smaller (∼225 nm) than that of PS/Fe3O4 particles, 
but the surface density of PS/Fe2O3 was 7.3 μg/cm
2, which is close to or 
higher than that of PS/Fe3O4 (2.81 g/cm
3), 8.1 μg/cm2, or PS/Fe3O4 (2.81 
g/cm3), 5.1 μg/cm2. The larger yield stress values of PS/Fe3O4 
suspensions possibly indicate that the Fe3O4 particles are more surface 
active than the Fe2O3 particles, thus enabling more uniform coverage of the 
PS droplets [12].  
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The MR performance of CI(core)/PS(shell) particle suspensions (20 vol%) 
was much better [1], and the static yield stress of CI/PS (ρ = 7.34 g/cm3) 
was 21800 and 1740 Pa at the magnetic field strengths of 343 and 86 
kA/m, respectively, whereas that of the CI/PSF (ρ = 5.10 g/cm3) 
suspension was 8220 and 630 Pa at corresponding magnetic field 
strengths. Though the static yield stress values were much higher than 
those of the present PS/Fe3O4 suspensions, the core of CI/PS particles was 
CI of 4.5 μm size. This is 7 to 15 times bigger than the PS/Fe3O4 particles. 
The CI core takes 93% of the total particle volume. The weight per 
particle of the CI component is about 5.9 × 10-8 g, which is about 2.4 
million times that of the Fe3O4 weight on the PS/Fe3O4 (2.81 g/cm
3) 
particle. Thus, they enable high yield stress values by the strong 
magnetization from the large CI core. Also, the saturation magnetization of 
CI (184 emu/g) is 3 times larger than that of Fe3O4 (61 emu/g). MR 
activity per mass, defined as the static yield stress divided by the mass of 
the magnetic responding component (CI or Fe3O4 mass per particle), was 
3.69 × 1011 Pa/g for the CI/PS suspension and 6.57 × 1016 Pa/g for the 
PS/Fe3O4 suspension. All these factors indicate that the MR activity of the 
PS/ Fe3O4 particles is quite excellent. If we take into consideration the 
suspension’s sedimentation stability, PS/Fe3O4 particle suspensions are 












Figure 3.6. (a) Shear stress and (b) shear viscosity curves for 25 vol % 
MR fluids of pure Fe3O4, PS/Fe3O4 (2.81 cm
3), PSF/Fe3O4 (2.39 cm
3), 
PS/Fe3O4 (2.11 cm
3), and PSF/Fe3O4 (1.82 cm
3) particles under the 











Figure 3.7. Shear viscosity vs shear stress for 25 vol % MR fluids of pure 
Fe3O4, PS/Fe3O4 (2.81 cm
3), PSF/Fe3O4 (2.39 cm
3), PS/Fe3O4 (2.11 cm
3), 
and PSF/Fe3O4 (1.82 cm






















3.3.4. Structure Evolution Mechanism and the Suspension 
Stability 
The primary forces that govern the MR fluid behavior under shearing 
motion are the magnetopolarization forces and the hydrodynamic forces. 
The MR fluid properties depend on the ratio of these two forces, which can 
be expressed as a dimensionless variable of the Mason number (Mn) [27]. 
At a fixed particle volume fraction, the apparent viscosity of MR fluids (the 
ratio of the shear stress to the shear rates) is proportional to the inverse 
of the Mason number, which is equivalent to ?̇? 𝑀2⁄ ; where ?̇? is the shear 
rate and M is the magnetic field strength [28]. This dimensional analysis is 
quite useful for checking different MR fluid behaviors. By plotting the 
dimensionless specific viscosity, which is defined as the ratio of the MR 
fluid viscosity to the viscosity at a zero magnetic field strength, with a 
volume fraction correction versus ?̇? 𝑀2⁄ , we can get a master curve for 
different MR fluids if they respond in the same way to the external stimuli 
[1,27]. Figure 3.8 shows the flow curves for two MR fluids [Fe3O4 particle 
suspension and foamed PS/Fe3O4 particle suspension (density 1.82 g/cm
3, 
average particle size ≈ 660 nm)] at different magnetic field strengths. All 
experimental data for both suspensions could be collapsed onto a single 
curve, which indicates that they display the same flow behavior under the 
external stimuli following a similar scaling law. A small difference 
observed at low shear rates is ascribable to the weak magnetic polarization 
force of the foamed PS/Fe3O4 particles because of the small amount of 
Fe3O4 particles on the magnetically inactive PS core surface. Though the 
PS core is not responsive to external magnetic field, it occupies the 
majority of the particle volume to reduce its density. Low-density 
particles are more stable, that is, they are suspended in the liquid medium 
over a long time. Figure 3.9 shows the light transmission ratios measured 
via Turbiscan as a function of time [h]. The pure Fe3O4 suspension 
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showed rapid sedimentation of particles, reaching 72% of light 
transmission ratio within 3 h. The particle sedimentation is proportional to 
their density. Because of the light PS core of 1.04 g/cm3, Pickering-
emulsion-polymerized particle suspensions are evidently more stable for 
particle flotation in the silicone oil than pure Fe3O4 particle suspensions. 
After 2 h, the PS/Fe3O4 particle (2.81 g/cm3, average particle size ≈ 350 
nm) suspension reached a steady 35% light transmission ratio, which 
means 65% of the initially floating particles remain in the liquid medium. 
The light transmission ratio for the foamed PSF/Fe3O4 particle (density 
2.39 g/cm3, average particle size ≈ 385 nm) suspension was 27% after 2 
h. The PS/Fe3O4 particle (density 2.11 g/cm
3, average particle size ≈ 600 
nm) suspension exhibits a 23% light transmission ratio whereas that of the 
PSF/Fe3O4 particle (density 1.82 g/cm
3, average particle size ≈ 660 nm) 
suspension was 10%, which could last for more than 7 days. This indicates 
that the PSF/Fe3O4 particle forms an exceptionally stable suspension. 
Therefore, the effect of the light PS core is eminent and the foaming 
process provides even more stability. The particle sedimentation velocity 
is theoretically described as 
V(∅, d) =  
|𝜌𝑝 − 𝜌𝑐| × 𝑔 × 𝑑
2
18 × 𝑣 × 𝜌𝑐






     (3.3) 
where V  is the particle migration velocity ( m s⁄ ), ρ
p
 is the particle 
density (kg m3⁄ ), ρ
c
 is the continuous phase density (kg m3⁄ ), v is the 
kinetic viscosity of the liquid, g is the gravity constant (9.81m s2⁄ ), and d 
is the particle diameter [1,29]. Thus, decreasing the density mismatch 
between the particle and the liquid medium leads to slowdown in the 
sedimentation. Evidently, suspensions containing the core−shell-type 
particles were more stable (Table 3.1). The foaming process provides 
more stability by rendering porosity in the PS core to reduce the particle 
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density even further. This was also observed in our previous study on the 
CI/PS particle suspension experiments [1]. Wrapping up the CI particle 
with a lighter PS layer results in the particle density reduction, and the 
foaming process reduced the particle density even further. However, 
because of the thin PS layer on the CI core, the CI/PS particle density was 
limited to a high value (5.10 g/cm3) [1]. The PS/Fe3O4 particle density, on 
the other hand, could be reduced further by the big PS core in PS/Fe3O4 
(2.11 g/cm3), which displayed the lowest density of 1.82 g/cm3 among all 
particles used in this study. According to eq (3.3), larger particles can 
have a faster sedimentation velocity proportional to the square of the 
particle diameter. However, this is true for single-component particles 
with a smooth surface. The PS/Fe3O44 particles have a quite bumpy and 
rugged surface because of the adsorbed Fe3O4particles (Figure 3.2). The 
larger particle faces more drag when it moves through the medium. 
Because the drag on the particle is proportional to the square of the 



















Figure 3.8. Dimensionless apparent viscosity of the MR fluids as a 















Figure 3.9. Transmission [%] curve as a function of time [h] for pure 
Fe3O4, PS/Fe3O4 (2.81 cm
3), PSF/Fe3O4 (2.39 cm
3), PS/Fe3O4 (2.11 cm
3), 
and PSF/Fe3O4 (1.82 cm










The present study offers a viable method to prepare very stable and 
well-performing MR suspensions. The Pickering-emulsion polymerization 
method using Fe3O4 nanoparticles as a surfactant enables easy preparation 
of core−shell-structured PS/Fe3O4 particles. The interfacial activity of 
Fe3O4 nanoparticles was found to be stronger than that of Fe2O3 
nanoparticles. The suspensions of PS/Fe3O4 particles provide much better 
MR performance than those of PS/Fe2O3 particles. The larger core 
particles have the advantage of higher surface density of Fe3O4 as well as 
lower particle density. By using differently sized PS/ Fe3O4 particles, it 
turned out that the decisive parameter for a suspension’s MR 
performance was not the particle density but the surface density of the 
magnetically active Fe3O4 nanoparticles on the PS core. The higher the 
surface density of the Fe3O4 nanoparticle, the higher the yield stress. 
Though the MR performance of PS/Fe3O4 particle suspensions was not 
superior to that of CI/PS particle suspensions because of the small amount 
of Fe3O4 per particle and lower saturation magnetization of Fe3O4 than that 
of CI, the PS/Fe3O4 particle suspension has the edge of stability compared 
to the CI/PS suspension because of the reduced density mismatch with the 
liquid medium and a rougher surface topology. Foaming the PS core 
provides extra stability; the suspension of the foamed PS/Fe3O4 (ρ = 
1.82 g/cm3) showed a remarkably improved stability (∼10% more stable 
compared to the unfoamed PS/Fe3O4 suspension (ρ = 2.11 g/cm
3) and 
∼62% compared to bare Fe3O4 particles (ρ = 4.87 g/cm
3) suspension). 
Almost 90% of the initially added PS/Fe3O4 (ρ = 1.82 g/cm
3) particles 
remained after 24 h. Foamed particle suspensions displayed slightly lower 
yield stress than the unfoamed ones but showed much improved stability. 
Once the yield stress values meet the requirement of a device, it can find 
its niche applications [30-32] because it still has the edge of higher yield 
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Chapter 4. Template Free Hollow Shaped Fe3O4 
Micro-Particles for Magnetorheological Fluid 
 
4.1 Introduction 
Magnetorheological (MR) fluids, which are suspensions of magnetic 
particles in a magnetically insulating fluid, react to the applied magnetic 
field [1,2]. Once the external magnetic field is applied, the randomly 
dispersed particles can form fibril-like structures (mesostructures) due to 
the interaction between magnetic dipoles of magnetic particles [3,4]. The 
formation of mesostructures within less than a few milliseconds in 
response to the applied magnetic field results in a sudden increase in the 
viscosity of the suspensions by 3−4 orders of magnitude [1,5]. The 
reverse structural change occurs immediately when the applied field is off. 
These forward and reverse structural changes occur on the order of 
milliseconds and are therefore a kind of smart material [4]. These field-
responsive properties of MR fluids make them useful in a variety of 
systems. They can be used for small systems such as haptic devices, 
vehicle suspensions, rotor dampers, power steering pumps, and so on 
[3,6]. MR suspension systems are also found in large-scale damper 
systems for large buildings to reduce the impact of earthquakes and under 
bridges to mitigate vibrations caused by gusts [7-9].  
Despite substantial advances in commercialization, MR fluids have long-
term stability issues that significantly limit their usefulness [1,10-12]. 
The long-term stability problem is mainly due to the density mismatch 
between heavy magnetic particles (Fe2O3, Fe3O4, carbonyl iron, etc.) and 
light carrier medium (silicon oil). To overcome this serious drawback, 
many efforts have been made such as the addition of additives or 
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surfactants or fillers, the use of viscoplastic medium as a carrier, or 
application of protective layers like polymer or passivation layer on the 
magnetic particles [13-16]. Among these methods, the coating of 
magnetic particles with a protective improving the long-term stability of 
MR fluids [16,17]. This strategy can reduce the density mismatch between 
the magnetic particles and the fluid medium for improving the long-term 
stability [16-19]. Another effective method is to prepare core−shell type 
particles which is the encapsulation of low-density polymeric materials 
with nanometer-size magnetic particles. One method of making such 
particles is the Pickering-emulsion polymerization method using inorganic 
solid particles as surfactants [5,20]. In a previous study, PS/Fe2O3 
core−shell particles were prepared by Pickering-emulsion polymerization 
using about 50−100 nm size Fe2O3 nanoparticles as a surfactant [20]. The 
density of PS/ Fe2O3 core−shell particles was significantly reduced (from 
5.12 g/cm3 for Fe2O3 particles to 2.6 g/cm
3), improving the stability of the 
suspensions. More recently, our group synthesized foamed 
polystyrene/Fe3O4 (fPS/ Fe3O4) particles via the Pickering emulsion 
polymerization method using Fe3O4 nanoparticles as a surfactant followed 
by foaming of the PS core with supercritical carbon dioxide [5]. Because 
the Fe3O4 particles have a higher magnetization saturation value, the 
fPS/Fe3O4 suspension performed better than the Fe2O3 suspension. The 
foamed particles showed very low density (1.82 g/cm3) upon incorporation 
of pores in the PS core and high yield stress with the use of Fe3O4 instead 
of Fe2O3. More importantly, the low density and rough surface of fPS/ 
Fe3O4 provide much better stability than the Fe3O4 suspension system [5]. 
Howerver, as non-magnetical component like magnetically inactive 
polymers hinders magnetic particles to form fibril structures, these 
manners weaken the yield strengths of MR fluid and regularity. And hollow 
particles have a large cavity inside a shell layer or multiple shells. Because 
of their unique structure, hollow particles have been used for targeting 
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drug delivery systems and nanoreactor systems [21-24]. Magnetic hollow 
particles can impart long-term stability due to the low density of the 
particles which comes from the cavity. Pu et al. synthesized hollow 
PS/Fe3O4 microspheres using SiO2 microspheres as templates [25]. The 
hollow PS/Fe3O4 exhibited much lower density than pure Fe3O4 and iron 
particles because of the large cavity, resulting in the improved stability of 
MR fluids. However, the particles had a wide particle size distribution 
(150-400 nm). Moreover, the aggregation mechanism and MR properties 
such as yield stress, storage modulus, and loss modulus of the suspension 
under magnetic field were not investigated, and the stability of hollow 
PS/Fe3O4 was observed to last only 3 h. Thus, it is still necessary to 
investigate the details of MR performance and long-term stability of MR 
fluids containing hollow magnetic particles with a narrow size distribution. 
In this study, to control the particle size, we synthesize PS/Fe3O4 
template through Pickering-emulsion polymerization. And we eliminated 
the magnetically inactive polymer to overcome the weakened yield stress 
and regularity. After that we removed the core PS by Soxhlet extraction. 
The synthesized templet free hollow shaped Fe3O4 submitted to an MR 
flow analysis, particle morphology analysis, sedimentation stability test. 
Also the particle aggregation mechanism was investigated by probing the 
universal yield stress behaviors using the Seo-Seo model and Mason plot 
[26-29]. As a result, we achieved considerable yield stress compared to 
that of pure Fe3O4 and improved sedimentation stability. 
 
4.2. Experiment Section 
4.2.1. Synthesis of Fe3O4 particles (Pure Fe3O4) 
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The reactants FeCl3·6H2O (1.165g, Sigma-Aldrich) and FeSO4·7H2O 
(0.6g, Sigma-Aldrich) was dissolved in 200mL of di-water. After purging 
with Ar gas. The mixture was heated to 70℃ and NH3·H2O (12mL, 
Daejung, Korea) was rejected drop-wise and maintained for 4hours. The 
synthesized Fe3O4 particles were washed with methanol and di-water to 
remove the NH3·H2O and remained reactants and dried in a vacuum oven 
for a day.  
 
4.2.2. Synthesis of PS/Fe3O4 particles (Picker) 
Submicron-sized PS/Fe3O4 particle were synthesized by the Pickering-
emulsion polymerization method using Fe3O4 nanoparticles as a surfactant 
and a stabilizer. Magnetic Fe3O4 nanoparticles (5g) (particle size of 50-
100 nm and density of 4.87 g/cm3, Sigma-Aldrich) were added to 200mL 
of deionized water and then ultrasonicated for several minutes. After 
ultrasonication, the styrene monomer (9 13.5g) (above 99% purity, 
Daejung, Korea) including the radical initiator, 2,2’-azobis(2-methyl-
propionitrile) solution (AIBN solution, Sigma-Aldrich) (15mL) was poured 
into the Fe3O4 suspension and agitated vigorously using a homogenizer 
until it was well-dispersed in the aqueous phase as emulsified droplets. 
The emulsified suspension was placed into a 250mL round-bottomed 
three-neck flask. The reactor was sealed with a rubber septum and 
purged with nitrogen gas, and the mixture was stirred with a mechanical 
stirrer. The system was heated to 70℃ and maintained for 24 h. The final 
product was washed with methanol and distilled water to remove the 
excess initiator and monomer and dried in a vacuum oven for a day. 
 
4.2.3. Synthesis of PS/Fe3O4@Fe3O4 particles (C-Picker) 
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The pre-synthesized PS/Fe3O4 particles (1g), FeCl3·6H2O (3.495g, 
Sigma-Aldrich) and FeSO4·7H2O (1.8g, Sigma-Aldrich) were dissolved 
in 200mL of di-water and applied same method as Fe3O4 particles.   
 
4.2.4. Synthesis of templet free hollow shaped Fe3O4 (H-
Picker) 
To remove core PS as a templet by using Soxhlet method, pre-
synthesized C-Picker particles were placed in extractor and chloroform 
100mL was used as solvent. The mixture was heated to 70℃ and 
maintained for a day. H-Picker particles were washed with methanol and 
di-water to eliminate chloroform and dried in a vacuum oven for a day. 
 
4.2.5. Characterization 
The densities of pure Fe3O4, Picker, C-Picker and H-Picker particles 
were measured using a helium pycnometer (AccuPyc 1330, Micromeritics 
Instrument Corporation, Norcross, GA). The morphologies of synthesized 
particles were investigated by scanning electron microscopy (SEM; 
SUPRA 55VP, Carl Zeiss, Germany) and transmission electron microscopy 
(TEM; JEM1010, JEOL, JAPAN). The optical microscopy (Olympus BX-
51, Japan) was used to observe the fibril like shape during a magnetic field 
is on. The magnetic characters were examined using a vibrating sample 
magnetometer (VSM; model 7370, Lake Shore Cryotronics, Westerville, 
OH) over the range of -5kOe (-398kA/m) to 5kOe (398kA/m). Each MR 
suspensions were prepared by dispersing in silicone oil (KF-96, 50cS, 
Shin Etsu, Japan) at a particle concentration 10%. The MR properties were 
measured by using a rotational rheometer (Physica MCR301, Stuttgart, 
Germany) equipped with a magnetic generator (Physica MRD 180) and the 
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parallel-plate measuring system with a diameter of 20mm and gap 
distance of 1mm was employed. Finally, the sedimentation stability of the 
suspensions was analyzed using a Turbiscan (Classic MA2000, 
Formulation, France). 
 
4.3. Results and Discussion 
4.3.1. Particle Morphologies and Magnetic Hysteresis Curve 
Figure 4.1 presents the XRD data of synthesized pure Fe3O4 and H-
picker particles. This verifies that Fe3O4 particles are synthesized 
correctly and Fe3O4 particles of H-Picker are not deformed during 
synthesis process as the character peaks of Fe3O4, (220) (311) (400) 
(422) (511) (440) are confirmed for both pure Fe3O4 and H-picker 
particles. And the densities of the synthesized particles (Pure Fe3O4, 
Picker, C-Picker and H-Picker) are presented in Table 4.1. As the 
amount of Fe3O4 is increased, the density of sample is increased and as the 
core templet PS is removed, the density of sample gets close to pure 
Fe3O4. Final product H-Picker particles consist of only Fe3O4, but 
substantial density difference between pure Fe3O4 particles (ρ = 4.89 
g/cm3) and H-Picker particles (ρ = 3.82 g/cm3) is verified. Such a 
decrease in density can be explained by the present of pores among the 
Fe3O4 particles, or non-magnetic purities resulting from the synthesis 
process. The particle morphology of each sample was investigated using 
the SEM and TEM. SEM images of (a) Picker particles (ρ = 2.24 g/cm3), 
(b) C-Picker particles (ρ = 3.13 g/cm3), (c) H-Picker particles (ρ = 
3.82 g/cm3) and Tem image of (d) cross section of H-Picker particles 
presented in Figure 4.2. The Figure 4.2 (a) and (b) clearly show the 
formation of the core of PS polymer covered with Fe3O4 particles. The PS 
core were covered with Fe3O4 particles so that the surfaces of the Picker 
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particles were rough, unlike the smooth surfaces of the pure PS. The 
Fe3O4 particles were successfully coated onto PS core. Figure 4.2 (c) 
shows the surface morphology of H-pick particle which preserved the 
spherical shape and Figure 4.2 (d) clearly verifies the empty core. The 
magnetic hysteresis was measured for each sample ranged from -5kOe 
(-398kA/m) to 5kOe (398kA/m). The maximum magnetization 
(magnetization saturation, 𝑀𝑠 ) values were different from sample to 
sample, but the pores and PS core did not affect to the intrinsic hysteresis 
curve and all curve shows the classic shape of multi-domain magnetic 
particles as S-shape curve. The information obtained from VSM is 
illustrated in Figure 4.3 and more details are listed in table 4.2. The 
maximum magnetization (magnetization saturation, 𝑀𝑠) values are in order 
of the pure Fe3O4, Picker, C-picker ad H-picker particles. The magnetic 
saturation values of the pure Fe3O4, Picker, C-picker and H-picker 
particles were 73, 36, 44 and 67 emu/g, respectively. Both the pure Fe3O4 
and H-picker particles consist same compound but have slightly difference 
in maximum magnetization value. Such difference of maximum 
magnetization between the pure Fe3O4 and H-picker particles is explained 
by the present of pores among the Fe3O4 particles, or non-magnetic 
purities have an effect to maximum magnetization value. Between C-
picker and H-picker, these two samples have only one difference, H-
picker’s amount of iron is much higher than that of C-picker. Figure 4.4 
shows the optical microscope images of a MR fluid based on H-picker 
sample when the external magnetic field is off (Figure 4.4 (a)) and on 
(Figure 4.4 (b)). Once the external magnetic field is on, the dispersed 
particles change forms rapidly from dispersed state to the fibril-like 








Figure 4.1. XRD data of pure Fe3O4 and H-picker particles 
 
 
Samples Pure Fe3O4 Picker C-Picker H-Picker 
Density 
[g/cm3] 
4.98 2.24 3.13 3.82 
 


























Figure 4.2. SEM images of (a) Picker particles, (b) C-Picker particles, (c) 
















Figure 4.3. Vibrating sample magnetometer (VSM) data of Pure Fe3O4, 















































 Figure 4.4. Optical microscope images of microstructural change for Pure 











4.3.2. Magnetorheological Behaviors 
Oscillatory tests (amplitude and frequency sweep) were performed to 
investigate the viscoelastic behaviors of the suspensions. Figure 4.5 (a) 
plots the amplitude sweep measurement that represents the change of the 
storage modulus, 𝐺′ , as a function of the strain ranging from 0.001 to 
100%. The storage modulus increase as the external magnetic field 
strengthen because of the enhanced dipole-dipole interactions between 
magnetic particles. As observed, pure Fe3O4 suspension shows larger 
storage modulus than that of other MR suspensions, which is expected for 
the larger saturation magnetic value of pure Fe3O4. In a strain range of 
0.001 to 0.01%, the plateau region is reported for both magnetic field 
strengths of 86 and 343 𝑘𝐴 𝑚⁄ . This plateau region is the linear 
viscoelastic region, in which the storage modulus is constant regardless of 
the applied strain due to the mesostructures. The mesostructure formed 
under the magnetic polarization remains undisturbed. As the strain 
amplitude increased, the chain structures began to break apart reversibly 
and the storage modulus gradually declined. Figure 4.5 (b) exhibits the 
frequency sweep measurement of the storage modulus and loss modulus. 
The storage moduli (𝐺′) of each MR fluid exceeded corresponding loss 
moduli (𝐺′′). This means that the solid-like elastic properties of the MR 
fluids are dominant over the liquid-like properties because of 
mesostructure formation. Both storage modulus and loss modulus increase 
as the magnetic strengths due to enhanced particle interaction. Results 
from a steady shear flow curve are shown in Figure 4.6 (a) and (b). The 
flow curves corresponding to pure Fe3O4, H-picker, C-picker and picker 
suspensions are exhibited in Figure 4.6 (a) for two different magnetic field, 
86 and 343 𝑘𝐴 𝑚⁄ . The steady shear curve could be explained by dividing 
range of shear rate. In most MR fluids, at low shear rate, the 
mesostructures are strong enough to remain its structure. At moderate 
７８ 
 
shear rate, the typical behavior of MR fluid resembles that of a Bingham-
like fluid, which shear stress decrease and increase again due to 
destruction and reconstruction of mesostructure. But this phenomenon is 
not applied to our system as the dipole-dipole interactions between 
magnetic particles are strong enough for all suspensions and external 
magnetic fields. Under large magnetic field, MR fluids show shear thinning 
which is in agreement with the results indicating that mesostructured 
break apart and hydro dynamic force dominates. The suspensions of H-
picker and C-picker show lower shear stress than the suspension of pure 
Fe3O4. Each H-picker and C-picker has fewer Fe3O4 magnetic particles. 
Therefoere, the magnetic dipole-dipole interaction between particlesis 
weaker than that of pure Fe3O4, resulting in lower saturation magnetization 
and weaken mesostructures. For this reason, the H-picker and C-picker 
suspensions show a faster increase in shear stress at high shear rate than 
Fe3O4 suspension. The shear viscosity of the suspensions illustrated in 
Figure 4.6 (b) as function of the shear rate at different magnitude of 
magnetic field. Regardless of the magnetic field strength, all suspension 
shows shear thinning behavior as consequence of mesostructured 
destruction because of shear force and the order of magnitude is same as 














Figure 4.5. (a) Amplitude sweep dependence of storage (b) Frequency 
dependence of storage modulus G for each MR suspension under various 
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Figure 4.6. (a) Shear stress (b) Shear viscosity and (c) Static yield 
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4.3.3. Yield Stress of the MR Fluids 
Generally, MR fluids under the external magnetic field show Bingham fluid 
behaviors expressed as 
τ =  𝜏𝑑𝑦 + 𝜂𝑝𝑙?̇?      (4.1) 
where τ is the shear stress, 𝜏𝑑𝑦 is the dynamic yield stress, 𝜂𝑝𝑙 is the 
plastic viscosity, and ?̇? is the shear rate [1,2,30]. In the low shear rate 
region, both Fe3O4 and H-picker suspensions exhibit a broad plateau due 
to the solid-like mesostructures induced by the applied magnetic field 
(Figure 4.6 (a). In this region, the field-induced interaction between 
particles dominates the hydrodynamic interaction, which disturbs the 
mesostructures. The hydrodynamic interaction increases with the shear 
rate. When the hydrodynamic interaction surpassed the magnetic field-
induced interaction at high shear rates, the hydrodynamic stress destroys 
the mesostructures and induces the flow of MR suspensions [5,26]. The 
yield stress is determined at the point where the mesostructures yield to 
the hydrodynamic stress.  
In MR suspension systems, two yield stresses are reported: a dynamic 
yield stress (𝜏𝑑𝑦) and a static yield stress (𝜏𝑠𝑦) [26-28]. The dynamic 
yield stress is a stress of MR fluids when mesostructures are completely 
destroyed under continuous shearing [5,26,31]. It can be obtained by 
extrapolating the stress curve to zero shear rate [27]. On the other hand, 
the static yield stress is a minimum stress required to induce the flow of 
the suspension [26]. Under structural change conditions, the yield stress 
should be the static yield stress, rather than the dynamic yield stress 
[28,29]. A constitutive model to predict the static yield stress was 
recently proposed by Seo and Seo (Seo−Seo model), expressed as  
τ =  𝜏𝑠𝑦  (1 − 
(1 − exp(−𝑎?̇?))
( 1 + (𝑎𝛾)̇𝛼)
) +  𝜂𝑝𝑙?̇?     (4.2) 
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where 𝜏𝑠𝑦  is the static yield stress , 𝑎  is the time constant (the 
reciprocal of the critical shear rate for an aligned mesostructured 
deformation) , α is the power-law index for shear thinning, 𝜂𝑝𝑙  is the 
plastic viscosity and ?̇? is the shear rate. This model predicts the static 
yield stress at low shear rate which corresponds to the absence of motion 
and a minimum in the stress curve [26-28]. The static yield stress 
obtained with this model shows a quadratic dependence on the magnetic 
field strength [28]. 
The static yield stress of the MR suspension can be measured 
experimentally by using the controlled shear stress (CSS) mode [2,5]. 
Figure 4.6 (c) shows the change in the viscosity as a function of shear 
stress by using the CSS mode. At low shear stress, the viscosity of each 
suspension does not show considerable change with the shear stress. 
However, when the shear stress exceeds the yield stress, the viscosity 
suddenly drops several orders of magnitude, and the point is considered to 
be the static yield stress [2,5]. The Static yield stress values obtained 
from the CSS mode, dynamic yield stress values predicted by the Bingham 
fluid model, and static yield stress values predicted by the Seo−Seo model 
are compared in Table 4.2. 
For all four suspensions, the experimental static yield stress values show 
good agreement with the values predicted by the Seo−Seo model. If the 
mesostructures are not strong enough, the partial destruction and re-
formation of the mesostructures occur in the moderate shear rate range, 
while the point where fibril-like structures are completely destroyed is in 
the high shear rate range. This can lead to significant difference between 
the static yield stress and the dynamic yield stress in electrorheological 
(ER) fluids [1,5,31]. In contrast, if the mesostructures are robust enough 
to withstand the applied shear stress at low shear rates, there appears a 
wide plateau in stress curve and the dynamic yield stress values obtained 
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from Bingham fluid model are very close to static yield stress for all three 
suspensions (Figure 4.6 (a)). 
In our previous study, we prepared suspensions based on foamed 
polystyrene (f-PS)/Fe3O4 particles with core−shell structure and 
investigated their performance [5]. The MR performance (yield stress 
values) for one of them whose density was 1.82 g/cm3 is presented in 
Table 4.2 for comparison. By use of Fe3O4 nanoparticles as a surfactant 
and stabilizer, sub-micrometer-sized f-PS/Fe3O4 particles were 
synthesized via the Pickering-emulsion polymerization method. The size 
of the Fe3O4 nanoparticles adsorbed on the PS core was 50−100 nm. The 
average size of the f-PS/Fe3O4 particles was ca. 660 nm, which is close to 
the particle size of H-picker (∼700 nm). The density of Fe3O4 in the f-
PS/Fe3O4 particle was 4.87 g/cm
3, almost same that of the synthesized 
pure Fe3O4 particle, 4.89 g/cm
3 in this study. It is worthy of note that two 
MR suspensions have apparently different MR properties depending on the 
magnetic field strengths, although there exists some uncertainty of sample 
comparison due to the density difference and Fe3O4 volume conversion. At 
low magnetic field strengths, H-picker shows a higher yield stress than f-
PS Fe3O4, and vice versa at high magnetic yield strengths. This may be 
ascribable to the removal of magnetically non-active polymer core. As 
magnetically non-active polymer is removed, H-picker particles 
transform to the mesostructure well without any interruption of 
magnetically non-active polymer. The shear stress of H-picker is much 
higher than that of f-PS Fe3O4 and even close to pure Fe3O4. However, the 
large cavity in the H-Picker particles does not respond to the external 
magnetic field and results in a reduction in shear stress and the yield 









 Yield Stress (Pa) 















Fe3O4 540 540 523 2470 2470 2488 
Picker 49 50 49 193 200 176 
C-
Picker 
89 90 89 350 350 320 
H-
Picker 
315 315 310 920 920 890 
f-
ps/Fe3O4 
74 74 70 293 297 285 
 
Table 4.2. Static Yield Stress and the Dynamic Yield Stress for Fe3O4, 








4.3.4. Mechanism of Structure Evolution and Suspension 
Stability 
If the primary forces which govern the behavior of an MR fluid under an 
electrical strength are the electrostatic polarization forces caused by 
external electric field and hydrodynamic forces caused by the particle 
motion relative to the continuous phase, the non-dimensional ER fluid 
properties should depend on the ratio of the electrostatic polarization force 
to the hydrodynamic force represented as ?̇? 𝑀2⁄ . The electrostatic 
polarization forces, or dipole-dipole interactions, are proportional to the 
electric field intensity, 𝑀2, and the hydrodynamic force is proportional to 
the local shear rate, ?̇?. Thus the ratio of these two forces is proportional 
to the Mason number 
Mn = 8𝜂0?̇?/𝜇0𝜇𝑐𝛽
2𝑀2      (4.3) 
Where 𝜂0  is the medium viscosity, β  is the contrast factor ( = (𝜇𝑝 −
𝜇𝑐)/(𝜇𝑝 + 2𝜇𝑐) , 𝜇𝑝  is the particle relative permeability, 𝜇𝑐  is the relative 
permeability of the liquid medium phase, and 𝜇0 = 4𝜋 ∗ 10
−7 𝑁 Å
2
⁄  is the 
vacuum permittivity, M is the magnetic field strength. The viscosity η (=
𝜏 ?̇?⁄ ) is proportional to inverse of Mason number (𝑀𝑛
−1) for a given volume 
fraction of particles. Figure 4.7 shows dimensional analysis of rheological 
properties between the shear rate and field strength could be expressed 
with single independent variable proportional to the Mason number 
(equivalent to ?̇? 𝑀2⁄ ) [32-34]. Figure 4.7 presents the flow curve for 
Fe3O4, Picker, C-picker, and H-picker suspensions at 86kA/m. All 
experimental data were collapsed onto a single master curve. This means 
that both suspensions under external magnetic field show the same MR 
behavior with the same scaling law. Though it is not shown in Figure 4.7, 
the aforementioned f-PS/Fe3O4 suspension displayed the same MR 
behavior as this study. At small ?̇? 𝑀2⁄ , the log(𝜂𝑎𝑝𝑝 𝜂𝑐⁄ ) − log (?̇? 𝑀
2⁄ ) curve 
８６ 
 
has a slope of -1, whereas at large ?̇? 𝑀2⁄ , the slope gets to unity. These 
results indicate that suspensions followed the proposed model and 
dimensional analysis well and this model could predict MR fluid behavior 
with relatively few experimental results.  
The large cavity in the H-Picker particles results in a reduction in shear 
stress and the yield stress. However, the volume fraction of the cavity in 
the particle decreases the particle density significantly. The low particle 
density can contribute to a better long-term stability of the suspension. 
The sedimentation profile of each suspension as a function of time was 
measured with Turbiscan and is presented in Figure 4.8. In the suspension 
of pure Fe3O4, the light transmission increased very rapidly and reached 
67% within 2h, which means Fe3O4 particles settled down to bottom very 
quickly. Because of their large cavity, however, H-Picker particles exhibit 
a significantly better stability against sedimentation than pure Fe3O4 
particles. For the H-picker suspension, light transmission reached 52% 
after 4h and remained nearly the same for 24 h. The spherical particle 
sedimentation velocity can be described as 
V(∅, d) =  
|𝜌𝑝 − 𝜌𝑐| × 𝑔 × 𝑑
2
18 × 𝑣 × 𝜌𝑐






     (4.4) 
Where V  is the particle migration velocity ( 𝑚 𝑠⁄ ), 𝜌𝑝  is the particle 
density (𝑘𝑔 𝑚3⁄ ), 𝜌𝑐  is the continuous phase density (𝑘𝑔 𝑚
3⁄ ), v is the 
kinetic viscosity of the liquid, g is the gravity constant (9.81𝑚 𝑠2⁄ ), d is 
the particle diameter, and ϕ represents the volume fraction of particles. 
From the equation it can be realized that the decrease of the density 
mismatch between particle and medium reduces the sedimentation velocity. 
Thus, it can be seen from the density measurement results that H-Picker 
suspensions are more stable than that of pure Fe3O4. The suspension of f-
PS/Fe3O4 (ρ = 1.82 g/cm3) shows much better stability (10% 
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transmission after 24 h) compared to that of H-Picker suspension even 
considering the difference of density. Taking into consideration, the 
rougher surface due to the larger Fe3O4 particles on the f-PS particle 
surface which resists against the sedimentation. This result confirms that 
not only the density mismatch but also the surface topology of the 
particles are significant factors for the suspension stability when the 

























Figure 4.7. Dimensionless apparent viscosity of the MR fluids as a 
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Figure 4.8. Transmission [%] curve as a function of time [h] for pure 
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To improve the sedimentation stability of MR suspensions, hollow 
nanoparticles of H-Picker were fabricated by pickering emulsion 
polymerization, followed by etching the PS core. The incorporation of a 
large cavity significantly reduced the density of the nanoparticles from 
4.98 g/cm3 (Fe3O4) to 3.92 g/cm3 (H-Picker), respectively. Although the 
suspensions containing H-Picker particles showed a lower yield stress 
due to the less amount of Fe3O4 and thus lower saturation magnetization 
compared to the pure Fe3O4 suspension, the MR behavior was well 
preserved, and the H-Picker particle suspensions proved the advantage of 
long-term stability resulting from the reduced density mismatch between 
the particles and the liquid medium. The sedimentation profile of pure 
Fe3O4 suspensions showed 67% light transmission within 2 h. In contrast, 
H-Picker suspensions showed much better long-term stability. Especially, 
a suspension containing H-Picker exhibited a remarkable initial stability 
with a light transmission of 52% for 4h, and remained nearly same for 24h. 
which means that most of the particles remained in the dispersed state for 
24h. The results demonstrate the usefulness of the low-density hollow 
particles. The long-term stability results are also consistent with the 
previous study to elucidate the possibility of overcoming the MR fluids 
sedimentation problem. Depending on the particle size and applied 
magnetic field strength, a niche application of stable nanoparticle 
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Magnetorheological (MR) fluids are the kind of smart fluids which consist 
of magnetically active particles (Fe2O3, Fe3O4, Carbonyl Iron and so on) in 
magnetically non-active medium fluid (water, Si-Oil and so on) [1-3]. 
When magnetic field is off, magnetic particles randomly dispersed and act 
like fluid. However, when magnetic field is on, they form a fibril structure 
(mesostructure) in order of milliseconds due to magneto polarization 
between the suspended magnetic particles and act like solid. The 
rheological properties of the MR fluid can be controlled by regulating the 
external magnetic field intensity. These controllable field-responsive 
properties make MR fluid useful for various mechanical systems. For 
example, in the automotive industry, MR fluids have been used in flywheel, 
clutches and especially vehicle suspension systems. On a larger scale, the 
vibration cancelling system of Bridge and building used MR fluids to resist 
wind and earthquakes [4-5]. MR fluids made substantial progress toward 
commercialization. As the device using MR fluids gets smaller, challenge is 
to obtain the largest possible yield stress against minimum external 
magnetic field for reducing device volume and cost. Increasing the particle 
concentration is one approach for increasing the yield stress [6,7]. 
However, the magnetic field off state viscosity is hard to control. Some 
research observed that MR suspensions composed of mixtures of 
magnetizable particles with two different diameters can show a larger yield 
stress than that of monodisperse suspension. The yield stress in three-
dimensional (3D) systems is greater for bidisperse suspensions than it is 
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for monodisperse suspensions at the same overall volume fraction, in 
agreement with experimental data reported by Foister [8]. For 
suspensions confined to a monolayer, the bidisperse suspensions produce 
a smaller yield stress than that of monodisperse suspensions at the same 
overall area fraction, consistent with the simulation results of Wang et al 
[9].  
In this study, we extend previous studies reported by Lemaire et al., 
Genc et al., and Foiser et al. The conformation of solid-like network of 
fibril shapes changes were investigated by using micro/nano size Fe3O4 
particles to verify the reinforced yield stress. To identify the reinforced 
yield stress, we hypothesized the micro size Fe3O4 particles develops a 
relatively coarse solid-like network of fibril shapes and the nano size 
Fe3O4 particles appear to fill in the cavity among the micro size Fe3O4 
particles. The VSM data and rheology data showed the yield stress is 
enhenced and the SEM images confirm the hypothesis visually. The results 
of the conformation of the aggregates reveals that the enhanced yield 
stress is due to a tendency of the nano size particles to fill the cavity 


















 Fe3O4 S Fe3O4 L 
Form 
Nano powder Micro Powder 
Octahedral Spherical 
Particle Size 50-100nm 4-5μm 




















 Fe3O4 S Fe3O4 L Si-Oil (50cSt) 
Particle size 50-100nm Spherical  
Densigy [g/ml] 4.89 4.86 0.96 
S0 10 vol% 0 vol% 90 vol% 
S1 9 vol% 1 vol% 90 vol% 
S2 8 vol% 2 vol% 90 vol% 
S3 7 vol% 3 vol% 90 vol% 
S4 6 vol% 4 vol% 90 vol% 
S5 5 vol% 5 vol% 90 vol% 
S6 4 vol% 6 vol% 90 vol% 
S7 3 vol% 7 vol% 90 vol% 
S8 2 vol% 8 vol% 90 vol% 
S9 1 vol% 9 vol% 90 vol% 
S10 0 vol% 10 vol% 90 vol% 
 







5.2. Experiment Section 
5.2.1. Material 
Nano size magnetic Fe3O4 particles (particle size of 50-100 nm and 
density of 4.89 g/cm3, Sigma-Aldrich, USA; Fe3O4 S) and micro size 
magnetic Fe3O4 particles (particle size of 4-5 μm and density of 4.86 
g/cm3, Sigma-Aldrich, USA; Fe3O4 L) are prepared for magnetic particle. 
Si-Oil (Kf-96-50CS, Shin Etsu, Japan) is used as non-magnetic medium. 
 
5.2.2. Characterization Methods 
The densities of Carbonyl Iron (CI), Bulk Sendust (BS) and Flake 
Sendust (FS) particles were measured using a helium pycnometer 
(AccuPyc 1330 Micromeritics Instrument Corporation, Nocross, GA). The 
magnetic character was investigated by using a vibrating sample 
magnetometer (VSM; model 7370, Lake Shore Cryotronics, Westerville, 
OH) over the range of -10kOe (-795kA/m) to 10 kOe (795kA/m). The 
MR suspension was prepared by dispersing 10vol% magnetic particles in 
silicon oil (KF-96, 50cSt, Shin Etsu, Japan). The MR properties were 
measured by using a rotational rheometer (Physica MCR301, Sturrgart, 
Germany) equipped with a magnetic generator (Physica MRD 180) and the 
parallel-plate measuring system with a diameter of 20mm and a gap 
distance of 1mm was employed.  
 
5.3. Results and Discussion 
When the external magnetic field is turned on and off, optical microscope 
images for Fe3O4 S particles are shown in Figure 5.1. Once the magnetic 
field was on, the suspended particles displayed a rapid change from a 
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uniformly dispersed state (Figure 5.1 (a)) to fibril-like network 
structures along the magnetic field direction (Figure 5.1 (b)), which 
resisted the fluid flow in the gap of the flowing channel. When the external 
magnetic field was off, the particles were uniformly dispersed again. The 
magnetic saturation values (𝑀𝑠) for sample no.1 ~ no.10 were measured 
under the magnetic field range of -10kOe (-795 kA/m) to 10kOe 
(795kA/m) as illustrated in Figure 5.2 and specific values are listed in 
Table 5.3. There is an interesting feature which is that basically Fe3O4 S 
and Fe3O4 L are same materials, but Fe3O4 L has slightly higher magnetic 
saturation value. The reason why the magnetic saturation value of Fe3O4 L 
is higher than that of Fe3O4 S is due to the difference of diameter of 
magnetic particles. The magnetic moment (𝑚𝑖) is expressed as 
𝑚𝑖 = 4π𝑑𝑝
3 ∗  
𝑀𝐻
2𝑀 + 3𝐻
     (5.1) 
Where 𝑑𝑝 is the particle diameter, M is the magnetization of the magnetic 
particle and H is the magnetic field [10,11]. The magnetic moment at 
equivalent condition is determined by the particle diameter. That is why 
the no.10 has higher magnetic moment and yield stress than no.0. 
According to the correlation between the magnetic moment and particle 
diameter, we could expect that as the ratio of Fe3O4 L increases the 
magnetic moment also increase. However, there are a few overturn 
regions. The same phenomenon is observed on the yield stress as well. 
Figure 5.3 shows the trends of the dynamic yield stress that fibril-like 
network structures are completely broken down and calculated by 
extrapolating the stress curve. The dynamic yield stress is predicted by 
using a Bingham model which is the simplest model to describe the flow 
behavior. Its relation between shear stress (τ) and shear rate (?̇?) is as 
follow 
τ =  𝜏𝑑𝑦 +  𝜂𝑝𝑙?̇?     (5.2) 
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Where M is the magnetic field strength, 𝜏0(𝑀) is the dynamic yield stress 
at the field strength M, ?̇? is the shear rate, and 𝜂𝑝𝑙 is M-dependent plastic 
viscosity, which approaches the suspension viscosity at a sufficiently high 
shear rate. 
The region from sample no.2 to sample no.4 indicates the dynamic yield 
stress is declined. The figure 5.4. (a) shows solid-like network of sample 


























Figure 5.1. Optical microscopic images of microstructural change for 
Fe3O4 S particle suspensions (a) before and (b) after the application of the 
external magnetic field of 86 kA/m. Particles form aggregated structures 










Figure 5.2. VSM data of S0~S10 particles (1000 Oe =103/4π kA/m). 
 
Figure 5.3. Dynamic shear stress for 10vol% MR fluids of S0~S10 
 




























is applied, magnetic particles in sample no.4 align along the direction 
magnetic field like usual MR fluid. However, the phase separation occurs 
between Fe3O4 S and Fe3O4 L particles. The local part which is developed 
with only Fe3O4 S particles marked by black square in the figure 5.4 (a) 
starts to break down initially, when the shear rate is applied. And the 
dynamic yield stress rise again. In figure 5.4 (c), the sample no.10 MR 
fluid including only Fe3O4 L particles develops a relatively coarse solid-
like network of fibril shape. In contrast, the distinct chain formation of the 
sample no.8 MR fluid is shown in figure 5.4 (b) where the Fe3O4 S 
particles appear to fill in the cavity among the Fe3O4 L particles. This chain 
conformation suggests the possibility that a bidisperse MR fluid could 
enhance the coarse solid-like network of fibril and make the yield stress 
strengthen. The results of the conformation of solid-like network reveals 
that the enhanced yield stress is due to a tendency of the nano size 
particles to fill the cavity among the micro size particles to form more 
solid-like network. As expected, the dynamic yield stress has a strong 









































































Figure 5.4 Fluid chain conformation of (a) sample no.4 (magnitude *50), 







The present study offers the influence of nano size and micro size 
magnetic particles in bidisperse magnetorheological fluids. The magnetic 
property and rheological property were measured by using VSM and 
rheometer. And both data indicate that depending on the ratio of the nano 
size Fe3O4 particles, an overturning of the magnetorheological properties 
and the magnetic saturation was observed. Adding more than 20 vol% 
micro size particles instead of nano size particles leads to decline of the 
dynamic yield stress. The local part which is developed with only Fe3O4 S 
particles marked by black square in the figure 5.4 (a) starts to break down 
initially. However, Replacing micro size particles with nano size particles in 
small concentrations tended to increase the dynamic yield stress. The 
chain conformation of a bidisperse MR fluid shows quite different from that 
of the micron size Fe3O4 particles-based fluids. The nano size Fe3O4 
particles appear to fill in the cavity among the micro size Fe3O4 particles. 
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Chapter 6. Shape effect of magnetic particle on 




Magnetorheological (MR) fluids are usually prepared by dispersing 
magnetic particles (Fe2O3, Fe3O4, Carbonyl Iron and so on) in a non-
magnetic liquid medium (water, Si-Oil and so on) [1-3]. Upon the 
application of external magnetic field, MR fluids have the unique ability to 
change its structure from liquid like state to solid like state by developing 
fibril structure (mesostructured) along the field direction due to magneto-
polarization between the suspended particles. As a result, suspension’s 
viscosity and yield stress increase. And reverse structure transition from 
solid like state to liquid like state happens once the applied magnetic field 
is off. This rheological property of the MR fluid can be controlled by 
regulating the strength of external magnetic field and volume fraction of 
magnetic particles. Because of this unique feature, MR fluid is core 
component in many industrial field such as hydraulic valve, damper, brake, 
shock absorber and actuator [4-6]. However, MR fluids of magnetic 
particles have a drawback of poor long-term stability because of a density 
mismatch between the magnetic particles and the medium. Many attempts 
have been made to overcome the sedimentation problem, such as 
incorporating the additives which support solid-like structure 
(mesostructure), wrapping the organic polymers onto the surface of 
magnetic particles. A recent study by takashi et al [7]. demonstrated that 
magnetic particle size and domain structure affect to magnetic properties 
and Choi et al [8] showed that organic polymer coating onto the surface of 
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magnetic particles improve suspension stability. And Seo et al [9] 
evaluated the static stress value by the Seo-Seo model and explained 
correlation between static and dynamic shear stress. Up to now, most of 
studies deal with a wide range of synthesis routes of magnetic particles to 
improve the long term stability [10-12]. But studies concerned with the 
particle shape are little reported. In this study, we investigated the effect 
of particle shape on Magnetorheological (MR) properties and 
sedimentation stabilities by using bulk and flake sendust. As a result, 
extraordinary behavior of flake shaped sendust was observed that rapid 
transition to solid like state at low magnetic field. And identical 
consequence was verified by the static yield stress values obtained from 
Seo-Seo model [13,14]. The particle aggregation mechanism was 
investigated by probing the universal yield stress behaviors using the 
Mason plot [9,15]. Additionally, remarkably enhanced sedimentation 
stability of flake shaped sendust is observed compared to those of bulk 
shaped CI and sendust. 
 
6.2. Experiment Section 
6.2.1. Material 
Magnetic CI particles (mean particle size of 4.5μm and density of 7.8 
g/cm3, CC grade, BASF, Ludwigshafen, Germany) and Magnetic sendust 
particles (densities are 7.0 g/cm3 for bulk type and 7.2g/cm3 for flake type, 
approximately 85% iron, 9% silicon and 6% aluminum, Changsung, South 
Korea) are prepared for magnetic particle. Si-Oil (Kf-96-50CS, Shin 
Etsu, Japan) is used as non-magnetic medium. 
 
6.2.2. Characterization Methods 
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The densities of Carbonyl Iron (CI), Bulk Sendust (BS) and Flake 
Sendust (FS) particles were measured using a helium pycnometer 
(AccuPyc 1330 Micromeritics Instrument Corporation, Nocross, GA). The 
morphologies of each particle were examined by scanning electron 
microscopy (SEM; SUPRA 55VP, Carl Zeiss, Germany). The optical 
microscopy (Olympus BX-51, Japan) was used to observe the fibril shape 
when an external magnetic field is applied. The magnetic character was 
investigated by using a vibrating sample magnetometer (VSM; model 7370, 
Lake Shore Cryotronics, Westerville, OH) over the range of -10kOe (-
795kA/m) to 10 kOe (795kA/m). The MR suspension was prepared by 
dispersing 10vol% magnetic particles in silicon oil (KF-96, 50cSt, Shin 
Etsu, Japan). The MR properties were measured by using a rotational 
rheometer (Physica MCR301, Sturrgart, Germany) equipped with a 
magnetic generator (Physica MRD 180) and the parallel-plate measuring 
system with a diameter of 20mm and a gap distance of 1mm was employed. 
The sedimentation stabilities of the suspensions were analyzed using a 
Turbiscan (Classic MA2000, Formulation, France) 
 
6.3. Results and Discussion 
6.3.1. Particle Morphologies and Magnetic Hysteresis Curve 
The particle morphology of each sample was investigated by using SEM. 
Figure 6.1 presents the SEM images of (a) CI (Carbonyl Iron) (ρ = 
7.8g/cm3), (b) bulk sendust (ρ = 7.0g/cm3) and (c) flake sendust (ρ = 
7.2g/cm3). As observed, the CI is spherical shape, bulk sendust is random 
but close to sphere. Flake sendust has broad surface area and extremely 
low height, its aspect ratio about 50. The CI is composed of pure iron and 
the sendust are composed of approximately 85% iron, 9% silicon and 6% 
aluminum. The CI follows the density of pure iron and the both senndust 
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follow the sum of each share of component density. But, bulk type and 
flake type of sendust have slightly different densities even though 
basically they are same material. The reason why the density of bulk type 
is lower than that of flake type is the difference of existence of air gap 
inside the bulk type. The milling process to get flake sendust eliminates 
the air gap inside the bulk sendust. Figure 6.2 presents the optical 
microscope images of a MR fluid based on bulk sendust, when the external 
magnetic field is off (Figure 6.2 (a)) and on (Figure 6.2 (b)). Once the 
external magnetic field is on, the suspended particles change rapidly from 
randomly dispersed state (Figure 6.2 (a)) to the formation of fibril 
structures (mesostructure, Figure 6.2 (b)). When the external magnetic 
field is off, the particle randomly dispersed again. The magnetic hysteresis 
curves were measured under the magnetic field range of -10kOe (-795 
kA/m) to 10kOe (795kA/m), as illustrated in Figure 6.3 and more detailed 
information of the magnetic magnitudes extracted from the Figure 6.3 is 
shown in table 6.1. The maximum magnetization (magnetization saturation, 
𝑀𝑠) values were CI (Carbonyl Iron), bulk sendust and flake sendust are 
208, 120 and 130 emu/g, respectively. The magnetization saturation 
decreased substantially in order of CI, flake sendust and bulk sendust. The 
difference between CI and both type of sendust comes from the ratio of 
iron (Fe) as CI is pure iron but sendust has only 86% of iron. And as 
mentioned previously, bulk and flake sendust are same material but have 
slightly difference in maximum value. Such difference in saturation value 
can be explained by the present of air gap inside of bulk sendust particles, 
or non-magnetic purities have an effect on maximum magnetization value. 
The CI and bulk sendust show typical multi-domain magnetic particle as 
S-shape hysteresis curve. However, hysteresis curve of flake sendust is 
unusual. At high magnetic field, there is slight difference of magnetic 
saturation value between three samples. But at low magnetic field, the 












Figure 6.2. Optical microscope image of microstructural change for bulk 
sendsut particles suspension (a) before and (b) after the application of the 






A greater induced magnetic moment for flake sendust is concerned with a 
demagnetization factor. The demagnetization factor is the geometry 
dependent constant of magnetization for determining the internal and 
external values of the fields induced in magnetic particles by applied 
magnetic fields. Because the demagnetization factor of flake shape in its 
long direction is smaller, compared to that of sphere shape, the flake 
sendust magnetizes along its long direction easily [16-18]. So the 
magnetic moment for flake sendust rises rapidly even though low magnetic 
field. Usually, small demagnetization factor leads to large coercivity. 
However, the flake sendust with smaller demagnetization factor compared 
to those of bulk CI and sendust presents the smallest coercivity. In case of 
multilayer domain, when the external magnetic field is applied, the 
magnetic domains orient in ordered arrangement along the field direction. 
In absence of external magnetic field, the magnetic domains might be 
oriented more or less randomly as more oriented in the upper layer and 
less ordered in the lower layer [19-21]. Because the flake type sendust 
consist single layer, magnetic domains orient evenly. As a results, evenly 















Figure 6.3. Vibrating sample magnetometer (VSM) data of pure CI (7.8), 



























6.3.2. Magnetorheological Behaviors 
Viscoelastic moduli are the most important magnetorheological properties 
of MR fluids. They provide quantitative information about the magnetically 
induced structures (mesosturucture) in a range of strain and frequency. 
First, oscillatory tests (amplitude and frequency sweep) were performed 
to investigate the viscoelastic behavior of the suspensions. The amplitude 
sweep measurement that describes the change of storage modulus, 𝐺′, as 
a function of strain range from 0.001 to 100% is presented in Figure 6.4 
(a). The storage modulus tends to increase as the external magnetic field 
strengthen due to the enhanced dipole-dipole interaction between 
magnetic particles. As observed, at low magnetic field strength, the 
storage modulus of flake sendust exceeds those of CI and bulk sendust and 
at high magnetic field strength, the storage moduli flip over. The order is 
CI, flake sendust and bulk sendust, which expected for saturation magnetic 
value presented in the Figure 6.2. In a strain range of 0.001 to 0.01%, the 
plateau region is reported for both magnetic field strengths of 86 and 343 
kA/m. This plateau region is the linear viscoelastic region, in which the 
storage modulus is constant regardless of the applied strain due to the 
mesostructures [22]. The mesostructure formed under the magnetic 
polarization remains undisturbed. As the strain amplitude increased, the 
chain structures began to break apart reversibly and the storage modulus 
gradually declined. Figure 6.4 (b) exhibits the frequency sweep 
measurement of the storage modulus and loss modulus at magnetic field 
86kA/m. The storage moduli ( 𝐺′ ) of each MR fluid exceeded 
corresponding loss moduli (𝐺′′). This means that the solid-like elastic 
properties of the MR fluids are dominant over the liquid-like properties 
because of mesostructure formation23. Both storage modulus and loss 
modulus increase as the magnetic strengths due to enhanced particle 




6.4 (a) and (b). The flow curves corresponding to CI, bulk sendust and 
flake sendust suspensions are exhibited in Figure 6.5 (a) for two different 
magnetic field, 86 and 343 kA/m. The steady shear curve could be 
explained by dividing range of shear rate. In most MR fluids, at low shear 
rate, the Figure 6.4. (a) Amplitude sweep dependence of storage, 𝐺′, (b) 
Frequency dependence of storage modulus, 𝐺′, and loss modulus, 𝐺′′, 
for CI, bulk sendust and flake sendust MR suspension under 86kA/m 
magnetic field strengths. 
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shear stress of suspension remains at constant value because the 
mesostructures are strong enough to withstand shear force. At moderate 
shear rate, the shear stress goes down slightly and increase again due to 
destruction and reconstruction of mesostructure. But this phenomenon is 
not applied to our system as the dipole-dipole interactions between 
magnetic particles are strong enough for all suspensions and external 
magnetic fields. Under large magnetic field, MR fluids show shear thinning 
which is in agreement with the results indicating that mesostructures 
break apart and hydrodynamic force dominates. Usually, as the amount of 
magnetic particle in our system iron (Fe) increases, the shear stress is 
higher. At high magnetic field, our experimental data show good agreement, 
the CI suspension yields the highest shear stress, flake sendust and bulk 
sendust are next in order. However, at low magnetic field, the shear stress 
values are flipped over in order of flake sendust, CI and bulk sendust. This 
result is expected as we discussed in magnetic hysteresis curve (Figure 
6.3). The difference in shear stress comes from the difference of the 
magnetic particles shape, or small demagnetization factor of the flake 
sendust in the longest direction. As a result, the flake sendust fully 
saturates and yields highest shear stress in low magnetic field. The shear 
viscosity of the suspensions illustrated in Figure 6.5 (b) as function of the 
shear rate at different magnitude of magnetic field. Regardless of the 
magnetic field strength, all suspension shows shear thinning behavior as 
consequence of mesostructured destruction due to shear force. The order 









Figure 6.5. (a) Shear stress and (b) Shear viscosity for 10 vol% MR 





6.3.3. Yield Stress of the MR Fluids 
All three MR suspensions exhibits a wide plateau region over the low and 
moderate shear rate range as illustrated in Figure 6.5 (a). This wide 
plateau region is contributed to the yield stress induced by the magnetic 
field. The strong magnetic interactions between magnetic particles 
dominate the hydrodynamic force. In high shear rate range, the shear 
stress induced by the hydrodynamic force increases with the shear rate, 
and the hydrodynamic force destructs mesostructures once it exceeds the 
magnetic interactions. In MR fluid system, there are two types of yield 
stresses: a dynamic yield stress (𝜏𝑑𝑦) and a static yield stress (𝜏𝑠𝑦). The 
dynamic yield stress is the stress which mesostructures are completely 
broken down calculated by extrapolating the stress curve. On the other 
hand, the static yield stress is the minimum stress needed to initiate the 
flow of MR suspension by shear stress. This stress curves are explained 
by several models. Usually, the MR fluid exhibits Bingham fluid behavior 
which explains the dynamic stress (𝜏𝑑𝑦) under external magnetic field. The 
Bingham fluid model is followed as 
τ =  𝜏𝑑𝑦 +  𝜂𝑝𝑙?̇?     (6.1) 
, where τ is the shear stress, 𝜏𝑑𝑦 is the dynamic yield stress, 𝜂𝑝𝑙 is the 
magnetic field ( M ) dependent plastic viscosity that is the suspension 
viscosity at sufficiently high shear rate and ?̇? is the shear rate [24,25]. 
Recently, Seo and Seo proposed a constitutive model to predict the static 
yield stress, expressed as   
τ =  𝜏𝑠𝑦  (1 − 
(1 − exp(−𝑎?̇?))
( 1 + (𝑎𝛾)̇𝛼)
) +  𝜂𝑝𝑙?̇?     (6.2) 
where 𝜏𝑠𝑦  is the static yield stress , 𝑎  is the time constant (the 
reciprocal of the critical shear rate for an aligned mesostructured 
deformation) , α is the power-law index for shear thinning, 𝜂𝑝𝑙  is the 
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plastic viscosity and ?̇? is the shear rate [26-29]. This model can estimate 
the static yield stress without extrapolation process, which is needed for 
the dynamic yield stress. Also, the static yield stress which showed sharp 
decrease in viscosity and measured by the controlled shear stress (CSS) 
mode is presented in Figure 6.6. The static yield stress values predicted 
by the Seo-Seo model, experimental data obtained from CSS mode, and 
the dynamic yield stress obtained from the Bingham model are presented 
in Table 6.2. In general, at low magnetic field, a quadratic dependence with 
the magnetic field is observed (τ ∝ 𝑀2) [30-32]. As the magnetic field 
increases, the particles are saturated at the poles, hence decreasing the 
power law exponent (τ ∝ 𝑀1~1.5 ) is observed. The experimental data 
agreed well but flake sendust. As flake sendust saturated at low magnetic 




















Figure 6.6. Shear viscosity vs shear stress for 10vol% MR fluids for CI, 


























6.3.4. Mechanism of Structure Evolution and Suspension 
Stability 
The primary forces that govern the MR fluid behavior under a steady 
shear flow are magneto polarization forces and hydrodynamic forces. The 
MR fluid properties depend only on the ratio of these two forces. The 
magneto polarization forces are caused by external magnetic field and the 
hydrodynamic forces are caused by the particle motion relative to the 
continuous phase. The magneto polarization forces, or dipole-dipole 
interactions, are proportional to square of the magnetic field intensity, 𝑀2, 
and the hydrodynamic force is proportional to the local shear rate, ?̇?. Thus 
the ratio of these two forces can be expressed as dimensionless variable 
of the Mason number 
Mn = 8𝜂0?̇?/2𝜇0𝜇𝑐𝛽
2𝑀2      (6.3) 
Where 𝜂0 is the medium viscosity, ?̇? is the shear rate, β is the magnetic 
contrast factor ( = (𝜇𝑝 − 𝜇𝑐)/(𝜇𝑝 + 2𝜇𝑐) , 𝜇𝑝  is the relative magnetic 
permeability of the particles, 𝜇𝑐 is the relative magnetic permeability of 
the liquid medium phase), 𝜇0 = 4𝜋 × 10
−4 𝑁 𝐴2⁄  is the vacuum permeability, 
and M is the magnetic field strength [32,33]. At low Mn , magneto 
polarization forces are dominant and mesostructures exist between 
confining surfaces. On the other hand, at large Mn, mesostructures are 
expected to be broken down because hydrodynamic forces overcome 
magneto polarization forces. For a fixed particle volume fraction, the 
viscosity η (= 𝜏 ?̇?⁄ ) is proportional to inverse of Mason number (𝑀𝑛
−1). 
Thus, the dependence of MR fluid’s rheological properties on the shear 
rate and field strength may describe in single parameter that is 
proportional to Mason number. The Mason number is independent variable 
that collapses the experimental data onto a single master curves presented 
in Figure 6.7. The master curves are plotted by the dimensionless specific 
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viscosity, which is defined as the ratio of the MR fluid viscosity to the 
viscosity at a zero magnetic field strength, with a volume fraction 
correction versus ?̇? 𝑀2⁄  at different magnetic field strengths. All 
experimental data for three suspensions collapsed onto a single curve. 
This result indicates that suspensions followed the proposed model and 
dimensional analysis well and this model could predict MR fluid behavior 
with relatively few experimental results. The sedimentation profile as a 
function of time for each sample measured with Turbiscan is represented 
in Figure 6.8. All three suspension’s light transmission rapidly increase 
within 2~3hours. After that, the transmission measurement increased 
gradually over time and get stabilized. The flake type shape contributes to 
initial sedimentation velocity and a better long-term stability. The 
equation describing the initial velocity of sedimentation is  
V(∅, d) =  
|𝜌𝑝 − 𝜌𝑐| × 𝑔 × 𝑑
2
18 × 𝑣 × 𝜌𝑐






     (6.4) 
Where V  is the particle migration velocity ( 𝑚 𝑠⁄ ), 𝜌𝑝  is the particle 
density (𝑘𝑔 𝑚3⁄ ), 𝜌𝑐  is the continuous phase density (𝑘𝑔 𝑚
3⁄ ), v is the 
kinetic viscosity of the liquid, g is the gravity constant (9.81𝑚 𝑠2⁄ ), d is 
the particle diameter and ∅ represents the volume fraction [34]. From the 
equation, Most of variables are constant or have similar values. It can be 
realized that what makes initial velocity difference is a particle diameter d. 
According to equation, as a particle has larger diameter, it shows faster 
sedimentation velocity. d is the particle diameter and it is assumed that 
particle is a sphere. As the flake sendust is not sphere, we need to adopt 
the equivalent spherical diameter, or diameter of sphere which has same 
volume as particle, 𝑑𝑠𝑝ℎ [35,36]. The flake sendust has extremely a low 
equivalent spherical diameter and its initial sedimentation velocity is 
relatively slow. After three suspension get stabilized, the light 
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transmissions after 24h for bulk CI, bulk and flake sendust are 72.6%, 69.0% 
and 29.6%. This result is concerned with a terminal velocity, 𝑢𝑡 . The 














     (6.5) 
 Re  is a Reynolds number based on equivalent spherical diameter of 
particle and 𝐶𝐷  is a drag coefficient [37,38]. What make difference for 
terminal velocity is drag coefficient (𝐶𝐷) related to the particle shape. The 
drag coefficient continues to decrease as Re increases. In all regime 
(Stoke’s regime, intermediate regime and newton’s regime), flake shape 
has bigger Re number than that of bulk shape [39-41]. So the terminal 
velocity of flake shape is slower. In our study, medium fluid was silicon oil 
50cSt , density of bulk sendust was 7.0 g/cm3 and density of flake sendust 
was 7.2 g/cm3. According to the equation, the ratio of terminal velocity 
𝑢𝑡,𝑓𝑙𝑎𝑘𝑒
𝑢𝑡,𝑏𝑢𝑙𝑘
  was 0.42 and actual calculation indicates 0.43, which provides good 
explanation to sedimentation results. This result verifies that not only the 
density mismatch between magnetic particles and liquid medium but also 
















Figure 6.7. Dimensionless apparent viscosity of the MR fluids as a 













Figure 6.8. Transmission [%] curve as a function of time [h] for CI, bulk 









The present study offers the effect of particle shape in MR properties. In 
particular, bulk CI, bulk and flake shaped sendust particles were 
investigated. Bulk CI consists of pure iron (Fe) and bulk and flake sendust 
consist of approximately 85% iron (Fe), 9% silicon (Si) and 6% aluminum 
(Al). As the difference of contents, the densities are different for each 
sample, CI 7.8 g/cm3, 7.0 g/cm3 for bulk type and 7.2g/cm3 for flake type. 
Because of the existence of air gap, bulk and flake sendust have different 
densities even they are same material. At high magnetic field, the yield 
stress shows order of CI, flake and bulk sendust, as the amount of iron 
(Fe). And the air gap inside the bulk sendust act as non-magnetic part, 
the flake sendust have larger yield stress value than that of bulk sendust. 
At low magnetic field, the order of yield stress change flowing flake 
sendsut, bulk CI and bulk sendust. According to magnetization factor, the 
flake sendsut has much lower value and gets saturated rapidly. This 
phenomenon is verified by VSM. The shape of particle affects to the 
sedimentation profile. The sedimentation profile of the flake sendust 
showed a remarkably improved long term stability (~29.6% light 
transmission), compared to that of bulk CI (~72.6% light transmission) and 
bulk sendust (~69.0% light transmission) particle suspensions because of 
the drag coefficient even the densities of the magnetic particle are close. 
This result demonstrates the usefulness of anisotropy particle, or flake 
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Chapter 7. Conclusions 
In conclusion, The flow behavior of MR fluids that display both static yield 
stress (𝜏𝑠𝑦) and aligned structure deformations (breaking and reformation 
of the formed structures) at high shear rates was modeled using a new 
rheological model. This model combined the non-uniform stress 
distribution proposed by Papanastasiou in the context of Bingham fluids 
with the stress variation due to aligned structure reformation. The four-
parameter model, eq (2.7), correctly describes the phenomena underlying 
the flow curve, and provides a phenomenological explanation for the 
structural deformations associated with yielding at different stress levels. 
The obtained parameters correlated well with the experimental data for 
three different ER fluids both quantitatively and qualitatively. Most of all, 
the model plausibly predicted the static yield stress (𝜏𝑠𝑦) rather than the 
dynamic yield stress (𝜏𝑑𝑦). The model could correctly predict variations in 
the parameters under an applied electric field strength. The apparent 
viscosity of the MR fluid could be represented by the function of ?̇? 𝑀2⁄  
which resulted in collapse of the experimental data at various magnetic 
field strengths and shear rates onto a master curve when properly 
rescaled with a shift factor s(M). This implies that the current model 
affords precise determination of the rheological behavior of MR fluids over 
a range of magnetic field strengths and shear rates with the requirement 
for relatively few experimental measurements 
To overcome the sedimentation problem, The Pickering-emulsion 
polymerization method using Fe3O4 nanoparticles as a surfactant enables 
easy preparation of core−shell-structured PS/Fe3O4 particles. The 
interfacial activity of Fe3O4 nanoparticles was found to be stronger than 
that of Fe2O3 nanoparticles. The suspensions of PS/Fe3O4 particles provide 
much better MR performance than those of PS/Fe2O3 particles. The larger 
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core particles have the advantage of higher surface density of Fe3O4 as 
well as lower particle density. By using differently sized PS/ Fe3O4 
particles, it turned out that the decisive parameter for a suspension’s MR 
performance was not the particle density but the surface density of the 
magnetically active Fe3O4 nanoparticles on the PS core. The higher the 
surface density of the Fe3O4 nanoparticle, the higher the yield stress. 
Though the MR performance of PS/Fe3O4 particle suspensions was not 
superior to that of CI/PS particle suspensions because of the small amount 
of Fe3O4 per particle and lower saturation magnetization of Fe3O4 than that 
of CI, the PS/Fe3O4 particle suspension has the edge of stability compared 
to the CI/PS suspension because of the reduced density mismatch with the 
liquid medium and a rougher surface topology. Foaming the PS core 
provides extra stability; the suspension of the foamed PS/Fe3O4 (ρ = 
1.82 g/cm3) showed a remarkably improved stability (∼10% more stable 
compared to the unfoamed PS/Fe3O4 suspension (ρ = 2.11 g/cm
3) and 
∼62% compared to bare Fe3O4 particles (ρ = 4.87 g/cm
3) suspension). 
Almost 90% of the initially added PS/Fe3O4 (ρ = 1.82 g/cm
3) particles 
remained after 24 h. Foamed particle suspensions displayed slightly lower 
yield stress than the unfoamed ones but showed much improved stability. 
Once the yield stress values meet the requirement of a device, it can find 
its niche applications [30-32] because it still has the edge of higher yield 
stress than the general ER fluids with a good stability. 
Additionally, hollow nanoparticles of H-Picker were fabricated by 
pickering emulsion polymerization, followed by etching the PS core. The 
incorporation of a large cavity significantly reduced the density of the 
nanoparticles from 4.98 g/cm3 (Fe3O4) to 3.92 g/cm3 (H-Picker), 
respectively. Although the suspensions containing H-Picker particles 
showed a lower yield stress due to the less amount of Fe3O4 and thus 
lower saturation magnetization compared to the pure Fe3O4 suspension, the 
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MR behavior was well preserved, and the H-Picker particle suspensions 
proved the advantage of long-term stability resulting from the reduced 
density mismatch between the particles and the liquid medium. The 
sedimentation profile of pure Fe3O4 suspensions showed 67% light 
transmission within 2 h. In contrast, H-Picker suspensions showed much 
better long-term stability. Especially, a suspension containing H-Picker 
exhibited a remarkable initial stability with a light transmission of 52% for 
4h, and remained nearly same for 24h. which means that most of the 
particles remained in the dispersed state for 24h. The results demonstrate 
the usefulness of the low-density hollow particles. The long-term 
stability results are also consistent with the previous study to elucidate 
the possibility of overcoming the MR fluids sedimentation problem. 
Depending on the particle size and applied magnetic field strength, a niche 
application of stable nanoparticle suspensions to microfluidics can be 
sought. 
To observe the effect of particle size and shape on the 
magnetorheological property, the influence of nano size and micro size 
magnetic particles in bidisperse magnetorheological fluids is verified. The 
magnetic property and rheological property were measured by using VSM 
and rheometer. And both data indicate that depending on the ratio of the 
nano size Fe3O4 particles, an overturning of the magnetorheological 
properties and the magnetic saturation was observed. Adding more than 20 
vol% micro size particles instead of nano size particles leads to decline of 
the dynamic yield stress. The local part which is developed with only 
Fe3O4 S particles marked by black square in the figure 5.4 (a) starts to 
break down initially. However, Replacing micro size particles with nano 
size particles in small concentrations tended to increase the dynamic yield 
stress. The chain conformation of a bidisperse MR fluid shows quite 
different from that of the micron size Fe3O4 particles-based fluids. The 
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nano size Fe3O4 particles appear to fill in the cavity among the micro size 
Fe3O4 particles. As a result, this distinct conformation reinforced the 
magnetorheological properties. Also, to verify the effect of particle shape 
in MR properties, bulk CI, bulk and flake shaped sendust particles were 
investigated. Bulk CI consists of pure iron (Fe) and bulk and flake sendust 
consist of approximately 85% iron (Fe), 9% silicon (Si) and 6% aluminum 
(Al). As the difference of contents, the densities are different for each 
sample, CI 7.8 g/cm3, 7.0 g/cm3 for bulk type and 7.2g/cm3 for flake type. 
Because of the existence of air gap, bulk and flake sendust have different 
densities even they are same material. At high magnetic field, the yield 
stress shows order of CI, flake and bulk sendust, as the amount of iron 
(Fe). And the air gap inside the bulk sendust act as non-magnetic part, 
the flake sendust have larger yield stress value than that of bulk sendust. 
At low magnetic field, the order of yield stress change flowing flake 
sendsut, bulk CI and bulk sendust. According to magnetization factor, the 
flake sendsut has much lower value and gets saturated rapidly. This 
phenomenon is verified by VSM. The shape of particle affects to the 
sedimentation profile. The sedimentation profile of the flake sendust 
showed a remarkably improved long term stability (~29.6% light 
transmission), compared to that of bulk CI (~72.6% light transmission) and 
bulk sendust (~69.0% light transmission) particle suspensions because of 
the drag coefficient even the densities of the magnetic particle are close. 
This result demonstrates the usefulness of anisotropy particle, or flake 








자기유변유체는 물 또는 비수계(실리콘 오일 등)의 유체에 자화 가능한 
미세입자(철 마이크로 입자)를 분산시킨 현탁액으로서, 외부로부터 제공되는 
강한 자기장에 따라 짧은 시간안에 탄성, 소성, 점도 같은 자기유변효과를 
나타내는 유체를 말한다. 자기유변유체는 외부 자기장에 의해 유변효과를 
조절할 수 있기 때문에 다양한 응용분야로의 적용 가능성에 대한 관심이 
증가하고 있다. 그러나 자성입자와 현탁 유체와의 밀도 차에 의해 발생하는 
침전현상으로 인해 자기유변유체의 실제적인 응용이 제한되고 있다.   
본 연구에서는 자기유변유체의 거동을 예측하는 구성방정식을 제안하고, 침전 
문제를 극복하기 위해 연자성 복합체로 구성된 자기유변유체를 조사한다. 재료 
설계를 최적화하기 위해 필수적으로 광범위한 전단 속도에 걸친 흐름 동작을 
설명하고 정적 항복 응력과 동적 항복 응력을 구분하여야 한다. 또한, 현탁액의 
유전학적 특성과 변형률, 적용된 자기장 강도 및 구성과 같은 변수 사이의 
관계에 대한 정확한 지식이 필요하다. 따라서, 자기유변유체의 흐름을 설명하기 
위한 기존의 제안된 구성방정식을 분석하고 새로운 구성방정식을 제안한다. 
새롭게 제안한 구성 방정식인 서-서 모델은 기존에 존재하는 구성방정식과 
비교하여 유체의 흐름을 정확하게 예측하였고, 비교적 적은 실험 값을 바탕으로 
자기유변유체의 흐름에 대한 정량적, 질적으로 정밀한 설명을 도출하였다. 침전 
문제를 극복하기 위해 피커링 에멀전 중합을 및 초임계 이산화탄소를 이용한 
발포공정의 이중 공정 처리를 통해 코어-쉘 구조의 발포 스타이렌 고분자-철 
복합체를 합성하였다. 이중 공정 처리를 통해 복합체의 밀도가 현저히 떨어지고 
장기 안정성이 향상되었다. 또한, 스타이렌이 코어 부분에 위치하여, 철 입자가 
직접적인 접촉을 통해 높은 자력 특성을 얻었다. 코어-쉘 구조의 발포 
스타이렌 고분자-철 복합체의 자력 특성이 상당한 수준을 보였음에도 불구하고, 
스타이렌이 자력적으로 비활성화 물질이므로 순수한 철에 비해 자력 특성은 
약화되었다. 따라서 자력적으로 비활성화 물질인 스타이렌을 제거하여 지지대가 
없는 중공형상의 철 입자를 합성하였다. 그 결과, 코어-쉘 구조의 발포 
스타이렌 고분자-철 복합체에 비해 중공형상의 철 입자는 밀도가 약간 
상승하였으나 높은 자력특성을 보였고 장기 안정성이 유지되었다. 추가적으로 
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마이크로/나노 크기의 철 입자를 사용하여 피브릴 구조의 보강효과를 
검증하였다. 입자 크기가 증가함에 따라 자기 포화 수준의 상승으로 자력특성이 
개선되었다. 그러나, 나노 크기의 철 입자의 비율에 따라 자력특성과 자기 포화 
현상의 역전현상이 관찰되었다. 이 현상은 마이크로 크기의 철 입자의 피브릴 
구조를 형성시에 철 입자 사이의 공동때문이다. 마이크로 크기의 철 입자는 
비교적 거친 피브릴 구조를 형성한다. 혼성 자기유변체는 마이크로 크기의 철 
입자와는 다른 피브릴 구조를 형성한다. 나노 크기의 철 입자들이 마이크로 
크기의 철 입자 사이의 공동을 채움으로 인해서 자력특성이 향상되었다. 
마지막으로, 벌크형과 박리형의 센더스트를 이용하여 자기입자의 모양이 유변적 
특성에 끼치는 영향을 조사하였다. 박리형 센더스트의 자구는 한 방향으로 
정렬되어 있어 작은 감자율을 갖고, 이 특징은 저자기장에서 피브릴 구조로의 
빠른 전환을 가능하게 한다. 또한, 박리형 센더스트의 높은 종횡비로 인한 
항력계수는 장기 안정성을 향상시켰다. 
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Appendix A. Improvement of Mechanical Properties by 




Additive manufacturing, commonly referred to as 3D printing (3DP), has 
emerged as a powerful and dynamic technology to produce a wide range of 
complex structures/components, already enabling rapid prototyping and 
beginning to impact industrial production significantly. 3D printing can 
provide a simple route to the production of highly customized structures, 
tailored toward specific applications, while simultaneously reducing the 
cost and time associated with traditional subtractive fabrication techniques 
[1-5].Among all the 3DP technologies, stereolithography (SLA) is used to 
produce models, prototypes, and fabricate final parts of products. In SLA 
printing process, UV curable resin is used. During printing process, the 
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stereolithography resin (SLR) is polymerized layer by layer by an UV 
laser or other sources. After being cured by the UV light, a crosslinked 
polymer network is formed. The main advantage over the other 3D printing 
techniques is high resolution, dimensional accuracy, and surface quality 
[6-7].Nowadays, commercial desktop stereolithography apparatus were 
developed [8-9]. These desktop level stereolithography apparatuses 
usually use bottom up systems with inexpensive laser (405 nm wavelength) 
and the acrylate based SLR as the printing materials due to the limited 
choice of photoinitators (radical polymerization). In bottom up system, the 
curing of the SLR layer occurs directly above the resin tank. Then, the 
cured layer is detached from the tank, as the platform move upwards (peel 
off process). After that, uncured resins fill the gap between the cured 
layer and the bottom of the tank and curing process proceeds again. By 
repeating these steps, the final part can be obtained [10]. However, poor 
mechanical properties of SLR due to insufficient interlayer adhesion are 
common to most desktop SLA apparatus, limiting their application as 
functional materials [11]. Past research proposes the printed parts are 
incompletely cured [12]. Therefore, the several researches have been 
conducted to improve the mechanical properties of SLA resins [13-16]. 
Generally, dual-cure system contains two kinds of reactive functional 
groups: a UV-curable functional groups and a thermally curable functional 
group. After being heated and exposed to UV light, such a system will 
form an enhanced crosslinked network [17-20]. This approach can 
effectively solve the problem like insufficient curing by UV irradiation at 
the interface between layers. In this study, we introduced reactive 
functional groups into the SLR resins which contains acrylate double bond 
only to construct the dual-cure system in 3D stereolithography.  
 




A commercial stereolithography resin (Clear Resin, XYZ Printing) was 
used as a base resin. Clear Resin consists of urethane diacrylates, acrylic 
monomers and photoinitiator. Glycidyl methacrylate (GMA) was used to 
introduce for the reaction with the hydroxyl groups of 2-hydroxy-3-
phenoxypropyl acrylate (HPA). The photoinitiator was diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide. 1,8-Diazabicyclo[5.4.0]-7-undecene 
(DBN) was used as a thermal catalyst to promote the reaction between 
epoxy and hydroxyl group. All reagents were used without any further 
purification. 
 
A.2.2. Preparation of dual curable stereolithography resin 
To formulate the dual curable stereolithography resins (SLRs), the 
mixture of thermally curable acrylic monomers (GMA and HPA) was 
prepared first. The equivalent ratio of the epoxy and hydroxyl groups was 
kept at 1. The mixture contains 5 wt% of the photoinitiator and 3 wt% of 
thermal catalyst was stirred at room temperature for 2 h before use. The 
ratio of the neat SLR to the acrylic mixture was optimized to 4 through the 
several pre-experiments. 
 
A.2.3. 3D printing by using stereolithography 
A Nobel 1.0 desktop 3D printer (XYZ Printing) was used to fabricate 
three dimensional parts. This device is equipped with a 405 nm wavelength 
laser. Multiple printing options are available, but in this study, we have set 
all options to default and set the layer thickness to only 50μm. Geometry 
of the test specimens used in this study was fabricated according to the 
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ASTM D638 Type V [21]. In order to cause the fracture to occur at the 
interlayer, test specimens were printed in the vertical direction. After 
printing, the samples were washed by isopropanol several times to remove 
uncured SLRs. Dual cured samples were cured in a convection oven for 
two hours at various temperature (80 °C, 120 °C, and 160 °C) to 
achieve fully cured 3d printing samples. Table 1 shows the description for 
the sample in this study. 
 
A.2.4. Characterization 
Chemical reaction involving thermally curable functional groups (epoxy 
and hydroxyl groups) were analyzed by differential scanning calorimetry 
(DSC, DSC 823e, Mettler Toledo). In DSC measurements, the printed 
sample (UV-cured) was heated from 30 °C to 200 °C at 5 °C/min. 
The FT-IR spectra were obtained before and after thermal curing process 
using a FT-IR instrument (TENSOR 27, Bruker) equipped with an 
attenuated total reflectance (ATR) accessory. Quantitative analysis was 
performed by monitoring the disappearance of the band at 910cm-1 of the 
C-O bond in the epoxy group upon heat treatment. Conversion of epoxy 
groups was calculated through the area of the absorption peak at 910cm-1. 
The gel fraction was measured to confirm the crosslinked structure of the 
cured samples after UV and thermal curing. The UV and dual-cured 
samples were soaked in acetone for 24 h at 60 °C. The remaining part 
was dried under a vacuum oven for 24 h. The gel fraction was calculated 
using the following equation. 
Gel fraction (%) =  (𝑊𝑟 𝑊𝑖⁄ ) ∗ 100     (A. 1) 
where 𝑊𝑖  is the initial weight of the sample, and 𝑊  is the weight of 
remaining part [19]. The measurements were performed five times for 
each sample and the average value was used. The mechanical properties 
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such as the tensile strength, elongation at break, and elastic modulus were 
obtained according to ASTM D638. Tensile test of specimens was 
conducted on a universal test machine (Instron 5543, Instron). The 
crosshead speed was 10 mm/min. Dynamic mechanical analysis (DMA 
Q800, TA Instrument) was performed to observe the temperature 
dependence of viscoelastic properties for the 3D printed final parts. The 
DMA test was performed with a frequency of 1 Hz, an oscillating amplitude 
of 0.05 % and a heating rate of 2°C/min. The temperature dependence of 
storage modulus, E’ and loss tangent (tan δ) was measured from -


































A. 3. Results and Discussion 
The reaction scheme of the chemical reaction in dual curable SLRs during 
post heat treatment is represented in Scheme 1. Without thermally curable 
monomers, the crosslinking network was formed by the reaction of C=C 
double bonds only. When the curable mixture was introduced to neat SLR, 
additional bonds were formed by the chemical reaction between thermally 
curable functional group and these bonds contributed to the increase of 
crosslinking density of the existing polymer structure. Figure A.0 shows 
the DSC thermogram of UV cured sample. As shown in Figure A.1, the 
exothermic peak of the curing reaction was observed. By introducing the 
thermal catalyst, the peak temperature decreased 30 °C. To investigate 
the reaction of epoxy with hydroxyl groups after heat treatment, we 
analyzed the FT-IR spectra. In Figure A.2, the epoxy group peak at 
approximately 910cm-1 appeared by the addition of the curable mixture 
and disappeared after thermal curing process. This implies that the epoxy 
groups reacted with the hydroxyl groups almost completely. About 90% of 
epoxy groups reacted after heat curing process and unreacted part was 
due to the reduction of chain mobility in the crosslinking network [22]. As 
shown in Figure A.3, a gel fraction corresponding to a crosslinking density 
of 90% was achieved with UV curing in neat SLA resin. However, a gel 
fraction of the uncured sample decreased by about 10% with UV curing. 
The introduction of the curable mixture which having a single C=C bond 
per monomer decreases the crosslinking that was occurred by UV curing. 
Also, the change in transparency of the modified SLA resin could affect 
the crosslinking reaction. After thermal curing process, the gel fraction 
increased slightly to about 90%. This effect is due to the bonding between 
the epoxy and hydroxyl groups in the curable mixture but there was little 
difference from the neat SLA resin. Therefore, the crosslinking density of 
the final parts could be evaluated as similar as that of the neat SLA resin. 
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Figure A.4 shows the temperature dependence of the mechanical 
properties. The tensile properties were improved when the curing 
temperature was increased to 120 °C. However, when the temperature 
increased from 120 °C to 160 °C, no improvement in tensile properties 
was not observed. This is because the reaction between functional groups 
didn’t occur sufficiently at 80°C and the reaction was completely 
occurred at 120 °C or 160°C [18,23]. Based on the result, we set the 
optimal thermal curing condition for 2 h at 120 °C. Figure A.5(a) shows 
the stress-strain curve and the tensile properties of the samples. The 
tensile strength and elongation at break of SLA resins are shown in Figure 
A.5(b). When introducing the reactive functional monomers mixture, the 
uncured sample showed a lower tensile strength and a longer elongation at 
break. This behavior can be interpreted as the decrease of crosslinking 
density as well as incomplete curing of the resins due to the change of 
SLA resins properties [11,24]. In the dual-cured sample, the tensile 
strength was significantly improved and elongation at break decreased 
slightly. This effect in mechanical properties is well known by increasing 
the crosslinking density [23,25]. The noticeable point is that the 
mechanical properties of the heat-cured sample was greatly improved 
even though the overall crosslinking density evaluated by the extraction 
was similar. This implies that the improvement in mechanical properties is 
due to other effects than the increase of the overall crosslinking density. 
Although, the reactions between thermally curable functional groups 
don’t always occur between the interfaces, some of them may react in 
the vertical direction at the interlayer and contribute to the improvement 
of the interlayer adhesion. DMA measurement was performed to 
investigate the viscoelastic properties of the final parts to understand the 
structure/properties relationships. The temperature associated with the 
peak of loss tangent (tan 𝛿) is defined as the glass transition temperature 
(𝑇𝑔). Similar remarkable changes could be observed in storage modulus 
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with change in mechanical properties as shown in Figure A.6(a). The 
uncured sample exhibited that lower storage modulus values compared to 
reference, while the dual cured sample showed the highest storage 
modulus due to the formation of dense crosslinking network via the UV-
thermal dual cure process [15,26]. Figure A.6(b) shows the temperature 
dependence of loss tangent for all samples. The glass transition 
temperature was slightly increased by 7°C due to the increase of the 
crosslinking density. On the other hand, the dual cured sample showed a 
higher tan 𝛿  value than the reference, even though it had a high 
crosslinking density. The height of the tan 𝛿 reflects the mobility of the 
polymer segments between crosslinks in the glass transition region [26]. 
This transition could be due to the increased linearity of the polymer 
segments between crosslinks with the introduction of thermally curable 
monoacrylates. These results agreed with the result from the mechanical 












































Figure A.2. FT-IR Spectra of neat SLR and modified SLR before and 




Figure A.3. The gel fraction of different samples 
 
 









Figure A.5. (a) Stress-strain curve and (b) tensile properties of different 
samples 
 
Figure A.6. The DMA test result of different samples: (a) storage 






A. 4. Conclusion 
A novel three-dimensional composite curing process was developed by 
adding acrylic monomers having a thermally curable group in 3D 
stereolithography. Hydroxyl groups and epoxy groups of acrylate 
monomers were completely reacted during heat cure process. The dual 
curing process improved the mechanical properties of the final products 
such as tensile strength, storage modulus and elongation at break. This 
enhancement was caused by the development of the strong interlayer 
adhesion in the vertical direction as well as the increase of crosslinking 
density of the final parts. The newly developed three-dimensional printing 
and curing process enables to fabricate the final parts showing superior 
interlayer adhesion and the mechanical properties compared to the case 
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